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1 Summary 
 
Ionizing radiation (IR) induces a variety of DNA lesions among which DNA double strand breaks 
(DSBs) are biologically most significant. In somatic cells, several cellular DNA damage response (DDR) 
mechanisms such as cell cycle checkpoints and DSB repair pathways work in concern to handle these 
threats. In response to DNA damage, G1/S and G2/M checkpoints activities prevent the progression of 
the cells to the next cell cycle phase. This mechanism prohibits replication and division of the cells 
containing DSBs and provides them time for repair. In parallel to this event, DNA repair machinery 
repairs the DSBs. The majority of IR-induced DSBs are repaired fast via canonical non-homologous 
end-joining (c-NHEJ) in which DNA-PKcs is one of the core enzymes. In contrast, a sub-fraction of 
breaks is repaired with slow kinetics in an ATM-dependent manner. This repair pathway represents 
homologous recombination (HR) in G2 and resection-dependent c-NHEJ in G1 phase. In stem cells, 
although it is appreciated that DDR regulation is distinct from that in somatic cells, the key factors and 
their functional mechanisms still remain unknown.  
The main aim of this thesis was to understand the mechanism/s by which stem cells retain their 
genomic integrity. Moreover, the level of repair capacity in pluripotent and multipotent stem cells has 
been compared. To achieve these aims, the DDR mechanism has been characterized in mouse 
embryonic stem cells (ESCs) and ESC-derived neural stem cell (NSCs).  
Cell cycle checkpoint analysis after 2 Gy X-rays demonstrated an ineffective G1/S checkpoint arrest in 
NSCs, whereas, ESCs failed to prevent cell cycle progression into S phase. In both cell types, cell cycle 
was completely arrested by G2/M checkpoint. However, ESCs showed a prolonged G2/M arrest 
compared to NSCs. 
Analyzing DSB repair in NSCs after exposure to 10 mGy and 100 mGy X-rays revealed that the repair 
capacity is reduced by decreasing the radiation dose. After 10 mGy IR, the value of the IR-induced 
DSBs was remained constant until 4 h post IR. This is evident that the DSB repair machinery cannot be 
fully activated by low doses of IR. 
Investigation of DSB repair capacity after 2 Gy X-rays showed that wild type (WT) ESCs and NSCs have 
similar repair kinetics and almost all IR-induced DSBs were repaired within 6 h post IR. Inhibition of 
ATM impaired the slow component of DSB repair in both cell types, whereas, the fast component was 
not affected. Interestingly, DNA-PKcs inhibitor induced a temporary repair defect followed by an 
efficient repair to the background DSB levels in ESCs. In contrast, in NSCs, DSB repair was almost 
stalled after inhibition of DNA-PKcs. Moreover, inhibition of Rad51 impaired the DSB repair in G2-
phase NSCs, whereas in ESCs, the repair kinetic was not impaired. Therefore, we asked if an 
alternative repair pathway provides a backup repair mechanism in DNA-PKcs- and Rad51-deficient 
ESCs. 
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To address the aforementioned question, we investigated the role of alt-NHEJ pathway in ESCs and 
NSCs by inhibiting PARP1. Importantly, PARP1-inhibition did not influence DSB repair kinetics in WT 
or ATM-inhibited cells. However, inhibition of PARP1 induced an additional significant repair defect in 
DNA-PKcs- and Rad51-inhibited ESCs, not in NSCs. These data demonstrated that PARP1-dependent 
alt-NHEJ functions as a backup repair pathway for impaired c-NHEJ or HR in ESCs.  
It is well know that PARP1-dependent alt-NHEJ is a resection dependent pathway. Analyzing resection 
in G2 phase by scoring Rad51 foci displayed a higher foci level in ESCs than in NSCs. In addition, 
investigation of resection in G1 phase uncovered that ESCs form pRPA foci, not NSCs. Furthermore, 
inhibition of the proteins regulating resection in G1 phase, like PLK3, not only diminished the 
formation of pRPA foci but also impaired DSB repair in ESCs. Whereas, in non-pluripotent cells (NSCs 
or HeLa cells), no repair defect was observed after inhibition of resection in G1 phase. These 
observations revealed that ESCs perform more resection than NSCs, suggesting that resection 
dependent-NHEJ is a prominent DSB repair pathways in G1-phase ESCs. All together, the data  implies 
that, ESCs can perform long-range resection of DSB ends and, therefore, in case of impaired classical 
repair pathways, can readily switch to PARP1-dependent alt-NHEJ. 
Previously, it was shown that nascent RNAs mediate an error-free c-NHEJ by serving as templates to 
faithfully restore the lost genomic information at the break site. Moreover, it was demonstrated that 
RNA transcription machinery functions as a molecular motor to promote excessive DNA resection. 
These evidences led to the curiosity to understand if RNA mediates the long range resection in G1-
phase ESCs. 
The detection of RNA-DNA hybrids at the DSB sites, as well as, reduction in pRPA foci level after 
inhibition of transcription verified our hypothesis that RNA transcription machinery might mediate 
long-range resection in G1 phase ESCs. Furthermore, destabilization of the RNA-DNA hybrids by 
overexpression of RNaseH1 enzyme, induced a significant repair defect in G1 phase ESCs. This effect 
was identical to the repair defect which was observed after inhibition of PLK3. These observations 
confirmed the role of RNA in mediating resection in G1-phase ESCs.  These findings suggest that, the 
involvement of RNA as a template during DSB repair might be mediating an error-free repair and thus 
play an important role in maintaining the genomic integrity of pluripotent stem cells. 
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Zusammenfassung  
 
Ionisierende Strahlung (IR) verursacht verschiedene Formen der DNA-Schädigung, unter denen der 
DNA-Doppelstrangbrüch (DSB) der biologisch schwerwiegendste ist. In somatischen Zellen gibt es eine 
Vielzahl an zellulären Schadensantworten (DNA damage response, DDR), wie die Zellzykluskontrolle 
oder DSB-Reparaturmechanismen. Eine koordinierte Zusammenarbeit dieser Prozesse sorgt so für den 
Schutz vor langfristigen DNA-Schäden. Der G1/S- und G2/M-Checkpoint verhindert die Progression 
der Zellen in die nächste Zellzyklusphase. Durch diesen Mechanismus wird die Replikation und 
Teilung der Zellen verhindert, wodurch Zellen, die DSBs enthalten, genügend Zeit für die Reparatur 
erhalten. Die Mehrheit der IR-induzierten DSBs wird schnell über die kanonische nicht-homologe 
Endverknüpfung (c-NHEJ) repariert, in der DNA-PKcs eines der Kernenzyme darstellt. Im Gegensatz 
dazu, wird eine Subfraktion von Schäden mit langsamer Kinetik in einer ATM-abhängigen Weise 
repariert. Dieser Reparaturweg repräsentiert die homologe Rekombination (HR) in der G2-Phase und 
das resektionsabhängige c-NHEJ in der G1-Phase. In Stammzellen, bei welchen sich die DDR-
Regulation von denen in somatischen Zellen unterscheidet, sind die Schlüsselfaktoren und ihre 
Funktionsmechanismen noch unbekannt.  
Das Hauptziel dieser Arbeit war es, den Mechanismus zu verstehen, durch den Stammzellen ihre 
genomische Integrität bewahren. Darüber hinaus wurde der Umfang der Reparaturkapazität und die 
Genauigkeit in pluripotenten und multipotenten Stammzellen verglichen. Um diese Ziele zu erreichen, 
wurde der DDR-Mechanismus in embryonalen Mausstammzellen (ESCs) und ESC-abgeleiteten 
neuronalen Stammzellen (NSCs) charakterisiert. 
Die Zellzykluskontrollanalyse nach 2 Gy-Röntgenstrahlung zeigte einen ineffektiven G1/S-
Zellzyklusarrest in NSCs, während ESCs die Zellzyklusprogression in die S-Phase nicht verhindern 
konnten. In beiden Zelltypen wurde der Zellzyklus vollständig durch den G2/M-Checkpoint 
angehalten. ESCs zeigten jedoch einen längeren Zellzyklusarrest im Vergleich zu NSCs. 
Die Anzahl der DBS, die durch 10 mGy und 100 mGy Röntgenstrahlung in NSCs induziert wurden, 
ergab, dass die Reparaturkapazität durch Verringerung der Strahlendosis reduziert wurde. Nach 10 
mGy IR blieb das Niveau der DSBs konstant, bis 4 h nach der Bestrahlung. Dies könnte auf eine 
mangelnde Aktivierung der DNA-Reparatur zurückzuführen sein. Außerdem haben wir gezeigt, dass 
unter diesen Bedingungen DNA-PK nicht ausreichend aktiviert wird, um H2AX in Abwesenheit von 
ATM zu phosphorylieren. 
Die Untersuchung der DSB-Reparaturkapazität nach 2 Gy-Röntgenstrahlung ergab, dass Wildtyp (WT) 
ESCs und NSCs ähnliche Reparaturkinetiken aufweisen und die IR-induzierten DSBs innerhalb von 6 h 
nach IR fast komplett repariert werden. Die ATM-Inhibition in ESCs und NSCs hatte keinen Einfluss 
auf die schnelle DSB-Reparaturkomponente, während die langsame Komponente beeinträchtigt war. 
Interessanterweise induziert die DNA-PKcs-Inhibition einen temporären Reparaturdefekt in ESCs, 
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gefolgt von einer effizienten Reparatur auf Kontroll-Niveau. Im Gegensatz dazu, wurde die DSB-
Reparatur in NSCs nach der DNA-PKcs-Inhibition fast komplett gestoppt. Die Inhibierung von Rad51 
verhindert die DSB-Reparatur in G2-Phasen-NSCs, während die Reparaturkapazität in ESCs nicht 
betroffen war. Daraus ergab sich die Frage, ob die DSBs in DNA-PKcs- und Rad51-defizienten ESCs 
über einen alternativen Reparaturweg repariert werden.      
Um die oben genannte Frage zu beantworten, untersuchten wir die Rolle des alt-NHEJ- 
Reparaturweges in ESCs und NSCs durch die Inhibition von PARP1. Die PARP1-Inhibition hat dabei 
weder die DSB-Reparaturkinetik in WT- oder ATM-inhibierten ESCs, noch in NSCs beeinflusst. 
Allerdings induzierte es einen zusätzlichen, signifikanten Reparaturdefekt in DNA-PKcs- und Rad51-
inhibierten ESCs, nicht jedoch in NSCs. Diese Daten zeigten, dass das PARP1-abhängige alt-NHEJ als 
Backup-Reparaturweg für c-NHEJ und HR in ESCs fungiert.  
Es ist bereits bekannt, dass PARP1-abhängiges alt-NHEJ ein resektionsabhängiger Reparaturweg ist. 
Untersuchungen der Resektion in der G2-Phase zeigten ein höheres Level an Rad51-Foci in ESCs, als in 
NSCs. Zusätzlich konnte eine Untersuchung der Resektion in der G1-Phase die Bildung von pRPA-Foci 
in ESCs, nicht jedoch in NSCs, bestätigt werden. Darüber hinaus verringerte die Inhibierung der 
Proteine, die die Resektion in der G1-Phase regulieren, wie PLK3, nicht nur die Bildung von pRPA-Foci, 
sondern auch die DSB-Reparatur in ESCs. Während in nicht pluripotenten Zellen (NSCs oder HeLa-
Zellen) kein Reparaturdefekt nach Inhibierung der Resektion in der G1-Phase beobachtet wurde. Diese 
Ergebnisse zeigten, dass ESCs mehr Resektion als NSCs durchführen. Resektionsabhängiges NHEJ stellt 
demnach einen prominenten DSB-Reparaturweg in G1-Phase-ESCs dar. Die gesammelten Daten 
implizieren, dass ESCs eine weitreichende Resektion von DSB-Enden durchführen können und daher 
im Falle von beeinträchtigten klassischen Reparaturpfaden leicht zu PARP1-abhängigem alt-NHEJ 
wechseln können. 
In einer Studie konnte die Beteiligung von naszierenden RNAs an einer fehlerfreien c-NHEJgezeigt 
werden, indem sie als Vorlagen für die genomische Information an den Bruchstellen dient. Darüber 
hinaus wurde gezeigt, dass die RNA-Transkriptions-Maschinerie als molekularer Motor fungiert, um 
eine exzessive DNA-Resektion zu fördern. Diese Beweise führten zu der Frage, ob RNA die Resektion in 
G1-Phase-ESCs vermittelt. 
Der Nachweis von RNA-DNA-Hybriden an den DSB-Stellen, sowie die Reduktion der pRPA-Foci nach 
Hemmung der Transkription, bestätigten unsere Hypothese, dass die RNA-Transkription eine 
weitreichende Resektion in G1-Phase-ESCs vermitteln könnte. Darüber hinaus induzierte die 
Destabilisierung der RNA-DNA-Hybride durch Überexpression des RNaseH1 Enzyms einen 
signifikanten Reparaturdefekt in G1-Phase-ESCs. Dieser Effekt war identisch mit dem Reparaturdefekt, 
der nach der Hemmung von PLK3 beobachtet wurde. Diese Beobachtungen bestätigten die Rolle der 
RNA bei der Vermittlung der Resektion in G1-Phase-ESCs. Diese Ergebnisse deuten darauf hin, dass die 
Beteiligung von RNA als Vorlage während der DSB-Reparatur eine fehlerfreie Reparatur vermittelt und 
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somit eine wichtige Rolle bei der Aufrechterhaltung der genomischen Integrität von pluripotenten 
Stammzellen spielen könnte. 
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2 Introduction 
 
2.1 Stem cells  
Stem cells are a specific type of cell that have distinct abilities in the body. Regardless of their source, 
all stem cells have three unique properties: they are unspecialized, they can self-renew for long periods 
of time and they have the ability to give rise to specialized cell types (Marrison, et al., 1997). Stem 
cells are classified into two main groups: embryonic stem cells (ESCs) and adult stem cells (also known 
as non-embryonic stem cells). ESCs, as their name suggests, are involved in the course of 
embryogenesis and postnatal development. They are derived from the cells of the inner cell mass at the 
blastocyts. These cells are pluripotent and have the capability to differentiate into all three germ layers 
of the embryo (Thomson JA, 1998). The pluripotency of ESCs is regulated by the interaction between 
different factors (Rodda, et al., 2005). Octamer-binding transcription factor 4 (Oct-4) is promoting the 
expression of the genes which are involved in regulation of pluripotency in ESCs (Boiani, et al., 2005). 
Upon differentiation of ESCs, the expression of Oct-4 is down-regulated (Cauffman, et al., 2005). Sex 
determining region Y-box 2 (Sox-2) is another factor essential for maintaining the pluripotency of 
ESCs (Adachi, et al., 2010).  
In contrast to ESCs, non-embryonic stem cells are multipotent and are present not only in embryo but 
also in adult tissues. The differentiation capability is restricted in this type of stem cells and they are 
only able to differentiate into multiple specialized cell types present in a specific tissue, e.g. 
hematopoietic stem cells (HSCs) and neural stem cells (NSCs) (Lee, et al., 2006). NSCs are progenitor 
cells in the central nervous system (CNS) and they have a critical role in the embryogenesis and adult 
neurogenesis. They have the potential to give rise to neuron and glia (Gage, 2000). The stem cell 
properties of NSCs are controlled by different proteins. Nestin is a sort of intermediate filament 
proteins which regulates the self-renewal of NSCs (Park, et al., 2010). During life, most of the tissues 
undergo constant renewal to maintain homeostasis. Stem cells, by asymmetric cell division, generate 
and maintain the physiological tissue homeostasis in the body (Blanpain, et al., 2011). Using this 
particular cell division system, one half of the progeny are retained stem cell, while the second half 
commit to differentiation (Morrison, et al., 2006).  
 
2.2 DNA damage 
In all living cells, DNA is the repository of genetic information. The stability and integrity of DNA is 
essential for life. DNA is not inert and can be subjected to DNA damaging agents. It has been estimated 
that up to 1 million DNA damage may occur in a single cell per day (Lodish, et al., 2000). Multiple 
forms of DNA damage can be induced by damage agents including base damages and DNA backbone 
cleavages (Dianov, et al., 2007). Among different types of DNA lesions, double-stranded DNA breaks 
(DSBs) are the most serious forms. DSBs can be induced by endogenous or exogenous sources of DNA 
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damage agents (Khanna, et al., 2001). Endogenous DNA damage agents are byproducts of cellular 
metabolic processes, e.g. free radicals (ROS). Exogenous sources for DNA damage include various 
chemical agents, ultraviolet (UV) and ionizing radiation (IR).  
IR describes all types of radiation that carry enough energy to emit an electron from the outer electron 
shell of an atom or molecule (ionize). The direct deposition of this energy and also indirect deposition, 
by ionization of water molecules and produce hydroxyl radicals, IR can damage the DNA. IR can be 
divided into neutrons, α- and β-particles, X- and γ-rays. Typical sources of IR that are of concern to 
human health are classified as natural sources, e.g. cosmic rays, and man-made sources, e.g. nuclear 
power. The dose of IR is measured in the unit Gray (Gy), which is the amount of radiation absorbed by 
1 Kg of tissue (Dunne-Daly, 1999).  
Between different types of IR, X-rays are routinely used in human life. X-rays are type of 
electromagnetic spectrum with a short wavelength, in fact it is 1000 times smaller than light wave. X-
rays can easily penetrate low-density material, like flesh. Whereas, in high-density materials, like bone, 
they are reflected or absorbed. These properties make X-rays very useful for medical diagnosis and 
therapy. However, it is well known that X-rays, even low doses (between 1 mGy to 1 Gy), may induce 
DSBs and are potentially carcinogens (Rothkamm, et al., 2003). 
    
2.3 Cell responses to the DNA damage 
To minimize the harmful impact of DNA damage, cells have developed a DNA damage response (DDR) 
signaling cascade that controls cell cycle progression and DNA repair (van Gent, et al., 2001; Jackson, 
et al., 2009). The harmonious interaction of cell cycle control and DNA repair machinery is essential 
for maintaining cellular fidelity and avoiding the genome instability.  
 
2.3.1 Cell cycle checkpoint 
In eukaryotic cells, the cell cycle contains four phases: G1, S, G2 and M phase. During replication in S 
phase, DNA damage may lead to replication fork stalling or collapse which can induce further DSBs 
and chromosomal breaks. During cell division in M phase, unrepaired DSBs may cause genetic 
alterations in the daughter cells (Deckbar, et al., 2011). To avoid this, cell cycle checkpoints are 
present to ensure DNA is intact before S and M phases are initiated. In response to DNA damage, cell 
cycle progression is interrupted by G1/S and G2/M checkpoints. This ensures the cell has time to 
repair its DNA lesions.   
The progression of cells from one cell cycle phase to another is regulated by specific protein 
complexes; within this two main protein groups are present: Cyclins and Cyclin-dependent kinases 
(Cdks). Inhibition of these protein complexes induces cell cycle arrest (Deckbar, et al., 2011). In 
somatic cells, G1/S checkpoint is regulated by CyclinD/Cdk4/6 and CyclinE/Cdk2 complexes (Yao, et 
al. 2008). Activation of signaling cascades inactivates these complexes and controls S phase entry 
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(Iliakis, et al., 2003; Lukas, et al., 2004). In these signaling cascades, following DSB induction, ATM 
up-regulates the expression of the p21 protein via phosphorylation of p53. p21 is a Cdk inhibitor and 
promotes G1/S checkpoint arrest by inactivating the CyclinD/Cdk4/6 and CyclinE/Cdk2 complexes.  
The G2/M transition is regulated by the CyclinB1/Cdk1 protein complex (Fung, et al., 2005). The 
mechanism of G2/M checkpoint activation is very similar to the G1/S. In response to DNA damage, the 
ATM-dependent phosphorylation of Chk2 induces the cytoplasmic translocaction of Cdc25 proteins. 
Consequently, Cdc25 protein activates G2/M cell cycle arrest by inactivation of CyclinB1/Cdk1 
complex.  
 
2.3.2 DSB repair machinery 
In somatic cells, IR-induced DSBs are repaired via biphasic kinetics which is comprised of a fast and a 
slow component (Löbrich, et al., 1995).  
 
2.3.2.1 Fast component of DSB repair   
Canonical non-homologous end-joining (c-NHEJ) represents the fast component of the DSB repair in 
somatic cells. c-NHEJ is the prominent DSB repair pathway in all cell cycle phases and the majority of 
IR-induced DSBs (80 %), in G1 and G2 phases, are repaired by this pathway (Rothkamm, et al., 2003; 
Beucher, et al., 2009).  
c-NHEJ repair pathway contains several substantial proteins including: Ku70/80, DNA-dependent 
Protein Kinase catalytic subunit (DNA-PKcs), Artemis, X-rays Repair Cross Complementing protein 4 
(XRCC4), XRCC4-Line Factor (XLF) and DNA-Ligase IV (Lig4) (Imamichi, et al., 2014). 
The first event following the induction of DSB is the detection of the break site by Ku70/80 
heterodimer. After Ku70/80 binding to the damaged DNA-ends, DNA-PKcs is recruited to form DNA-PK 
holoenzyme (Gottlieb, et al., 1993; Wang, et al., 2013). DNA-PKcs is capable of phosphorylating 
numerous downstream proteins required for ligation, like XRCC4 and Lig4 (Wang, et al., 2013; 
Imamichi, et al., 2014). XRCC4 is a scaffolding protein that facilitates the recruitment of other proteins 
to the DSB site. XRCC4 has two dimers thereby can interact with Lig4 and DNA-PK (Leber, et al., 
1998). XRCC4 stabilizes Lig4 at the DSB site and stimulate its activity. At the final step, the 
XRCC4/Lig4 complex in association with XLF reseal the DNA-ends (Riballo, et al., 2004) (Figure 2.1). 
This form of repair may cause nucleotide deletion from either side of the DNA break and makes c-
NHEJ potentially an error-prone repair pathway (Mahaney, et al., 2009).   
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Figure 2.1. Model for c-NHEJ repair pathway. Ku70/80 detects the DSB site and binds to the DNA-ends immediately after damage 
induction. Then, DNA-PKcs is recruited by Ku to activate downstream proteins. Following a limited end-processing, the DNA-ends are 
resealed by employing Lig4, XRCC4 and XLF (Modified from Mladenov et al., 2013). 
 
 
2.3.2.2 Slow component of DSB repair 
If c-NHEJ fails to repair the DSBs, due to complexity or the location of the break in the chromatin, 
DSBs undergo the slow component of repair; which is resection dependent. In G2 phase, the 
Homologous Recombination repair pathway (HR) represents the slow component of repair. HR is one 
of the most important DSB repair pathways and it has been evolutionary conserved from bacteriophage 
to human (San Filipo, et al., 2008). Using the undamaged sister chromatin as a template to promote 
repair, HR minimizes the risk of genomic alteration during repair (Bell et al., 2016). Therefore, HR 
provides greater repair fidelity than c-NHEJ.   
HR repair pathway begins with 5' to 3' nucleolytic degradation of the DNA-ends. This process, termed 
DNA-end resection, generates a long 3' single strand overhang. Resection process is initiated by MRN 
complex nuclease activity and CtIP-Brca1 proteins (Cannavo, et al., 2014). The initial resection is 
prolonged further by Exo1, BLM and DNA2 proteins (Gravel, et al., 2008; Mimitou, et al., 2009). 
Following resection, the Replication Protein A (RPA) immediately covers the 3' ss-DNA overhang, 
which subsequently replaced by the Radiation repair protein 51 (Rad51) (Trujillo, et al., 1998; San 
Filipo, et al., 2008). This process is regulated by Radiation repair protein 52 (Rad52) and Breast 
cancer type 2 substantial protein (Brca2). Rad51 is loaded to 3' ssDNA to form the pre-synaptic 
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nucleoprotein filament which is required for homology pairing at the sister chromatin (Sung, et al., 
1995; Robertson, et al., 2009) (Figure 2.2). The invasion of the Rad51 nucleoprotein filament to the 
double-stranded donor DNA molecule yields a DNA joint called D-loop which is promoted by Radiation 
repair protein 54 (Rad54) (Mazón, et al., 2010; Goodarzi, et al., 2013). Using the homologous 
sequence as a template, DNA polymerase elongates the invaded DNA strand, yielding a double 
Holliday junction which can be dissolved by specialized nucleases. The orientation of the DNA 
incisions, determines whether a crossover or non-crossover recombinant is made (Figure 2.2). 
 
a. b. 
 
Figure 2.2. Model for HR repair pathway. a. Early steps of HR. DNA-ends resection initiates HR process. ssDNA overhang generated 
by nucleolytic degradation of DNA-ends is covered by RPA. Then, replacement of RPA with Rad51 forms pre-synaptic nucleoprotein 
filament (Modified from Mladenov et al., 2013). b. Late steps of HR. Rad51 nucleoprotein filament mediates homology search at the 
sister chromatid. Homologous pairing is followed by DNA elongation using homologous template (Modified from Mladenov et al., 
2013). 
 
 
 
 
 
 Introduction  11   
In G1 phase, since there is no sister chromatin available, the slow component of DSB repair relies on 
resection-dependent c-NHEJ (Res-dep-NHEJ) (Biehs, et al., 2017). Similar to HR, Res-dep-NHEJ repair 
pathway begins by DNA-end resection. The factors regulating resection in this pathway are striking 
differenced to the HR. To initiate the process, Polo-Like Kinase-3 (PLK3) phosphorylates CtIP to 
interact with Brca1. The CtIP-Brca1 interaction promotes the initial step of resection (Barton, et al., 
2014; Biehs, et al., 2017). Mre11, EXD2 and Exo1 then execute the resection with Artemis completing 
the process. In contrast to HR, following resection, the 3' ssDNA tail cannot be decorated by RPA, since 
resection in G1 phase is not as extensive as it is in G2 phase. However, induction of very complex 
DSBs, using high doses of X-rays or α-particle, induces long portion of resection covered by RPA in G1 
phase (Barton, et al., 2014). The resection event is followed by the recruitment of c-NHEJ factors 
(Lig4, XRCC4 and XLF) essential for resealing the DNA-ends (Riballo, et al., 2004; Beucher, et al., 
2009). Res-dep-NHEJ is an inaccurate repair pathway and is usually associated with chromosomal 
translocation (Barton, et al., 2014). 
 
2.3.2.3 PARP1-dependent alternative-NHEJ   
In the absence of c-NHEJ, alternative non-homologous end-joining (alt-NHEJ) serves as a backup 
repair pathway (Mansour, et al., 2013). alt-NHEJ is a resection dependent repair pathway and its 
function relays on CtIP and MRN complex nuclease activities (Lieber, et al., 2010). The mechanism of 
this pathway is independent of c-NHEJ core proteins including Ku70/80, XRCC4 and Lig4 (Deriano, et 
al., 2013). To repair DSBs, alt-NHEJ utilizes Poly (ADP-Ribose) Polymerase-1 (PARP1), DNA Ligase I 
and III (Lig1/3) and XRCC1 but not DNA-PKcs (Wang, et al., 2006; Lieber, et al., 2010). 
Mechanistically, in the presence of a DSB, PARP1 recognizes the damaged site and catalyses the 
formation of Poly (ADP-Ribose) (PAR) on itself and other acceptor proteins including histones 
(Lindhal, et al., 1995). The scaffold created by PARP1 around the DSB site alters the chromatin 
structure, protects the DNA-ends and promotes the recruitment of other DNA repair factors involved in 
alt-NHEJ (Luijsterburg, et al., 2016). Finally, the coordination of PARP1 with Lig1/3 and XRCC1 
complex promotes the ligation of DNA-ends (Iliakis, 2009) (Figure 2.3).  
Compared to c-NHEJ, alt-NHEJ repair pathway is much less faithful and more critically dependent on 
micro-homology (Deriano, et al., 2013). This might cause a large nucleotide deletion which is highly 
mutagenic (up to 100 base pairs) (Mansour, et al., 2010) 
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Figure 2.3. Model for alt-NHEJ repair pathway. PARP1 binds to the resected breaks generated by CtIP and MRN complex. Then, 
DNA repair was promoted by employing the Lig1/3 and XRCC1 (Modified from Mladenov et al., 2013). 
 
 
2.4 DSB repair in stem cells 
Stem cells, similar to the somatic cells in the body, are constantly exposed to DNA damaging factors. 
DNA damage and genetic alteration are the two major threats to the survival and function of stem cells 
(Blanpain, et al., 2011). The dysregulation of the genes controlling self-renewal and differentiation in 
stem cells might induce different catastrophic consequences which are particularly detrimental to the 
entire organism, e.g. cancer (Mimeault, et al., 2009; Behrens, et al., 2014). Furthermore, mutation in 
ESCs may enter the gremlin and soma which can affect subsequent generations.  
ESCs exhibit an unusual cell cycle structure with a short G1 phase and a long S phase (White, et al., 
2005). In contrast to somatic cells which have a large fraction of their cells in G1 phase (G1: 45 %, S: 
29 % and G2: 26 %), ESCs have a large proportion of their cells in S phase (G1: 16 %, S: 56 % and G2: 
28 %) (Fluckiger, et al., 2006). In spite of the short duration of G1 phase in ESCs, they fail to activate 
G1/S checkpoint and cells enter S phase with damaged DNA at a similar rate of undamaged cells (van 
der Laan, et al., 2013). p21 protein is one of the key factors promoting G1/S arrest by inactivating the 
CyclinD/Cdk4/6 and CyclinE/Cdk2 complexes (Deckbar, et al., 2011). The lack of p21 protein 
accumulation in response to DNA damage in ESCs, causes an inefficient G1/S cell cycle arrest 
(Dolezalova, et al., 2012; Suvorova, et al., 2016). In addition, the tumor suppressor protein 
retinoblastoma, which is essential for the activation of G1/S checkpoint is not active in ESCs (Savatier, 
et al., 1994).  
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ESCs have developed a robust non-mutagenic DSB repair capacity (Serrano, et al., 2011). DNA repair 
machinery has been evaluated with pronounced differences in repair capacities in ESCs compared to 
multipotent stem cell (e.g. NSCs) and differentiated cells (e.g. fibroblasts). These differences include 
the kinetics of the DNA repair and the preference for the use of HR over c-NHEJ. The amount of HR 
key proteins, e.g. Rad51, is 10 times higher in ESCs than in differentiated cells (Tichy, et al., 2010; 
Serrano, et al., 2011). This indicates that HR governs DSB repair in ESCs (Tichy, et al., 2010; Lan, et 
al., 2012). The HR protein level as well as DSB repair capacity has been decreased during the 
differentiation of stem cells (Adams, et al., 2010; Schneider, et al., 2012). This indicates that the DSB 
repair that occurs in ESCs is more efficient than in any other cell types (Figure 2.4). 
 
 
 
Figure 2.4. Contribution of HR and NHEJ during cell differentiation. DSB repair in pluripotent stem cells relays more on HR and 
less on NHEJ. During cell differentiation, there is a trend toward increase in NHEJ and decrease in HR. 
 
 
2.5 Involvement of RNA in DSB repair 
The detection of RNA in the vicinity of DSBs in different organisms (Lee, et al., 2009; Wei, et al., 2012; 
Francia, et al., 2015), raised the possibility that RNA may facilitate the DNA repair process. Since 
transcription occurs throughout the cell cycle, it is important to understand the mechanism whereby 
transcription promotes DSB repair in the cell. There are number of hypothesis and speculations that 
RNA can function as a template in DNA repair. Chakraborty et al. reported that the nascent RNA 
transcript can serve as the repair template for restoring the missing sequence at the DSB site. The 
authors suggested that the involvement of nascent RNA in c-NHEJ enhances repair efficiency and the c-
NHEJ represents an error-free repair pathway in transcriptionally active cells (Chakraborty, et al., 
2016). Furthermore, the involvement of RNA in HR has been previously suggested. In this novel model 
for HR, using the complementary RNA oligonucleotides as a template, instead of homologous sequence 
at sister chromatic, DNA polymerase alpha and delta syntheses the missing DNA sequences at the DSB 
site (Storici, et al., 2007; Keskin, et al., 2014; Keskin, et al., 2016).  
The role of the transcription machinery, as a molecular motor to mediate the recruitment of repair 
proteins to the DSB site, has been described previously (McKay, et al., 2004; Lindsey-Boltz, et al., 
2007). In yeast, Ohle et al., demonstrate that the activity of transcription machinery regulates 
excessive resection at DSB sites (Figure 2.5). In their model, the short ssDNA-ends at the DSB sites, 
generated by MRN complex, induce RNA polymerase II (Pol II) transcription activity. The translocation 
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of Pol II along DNA and the activity of chromatin remodelers open the DNA helix and facilitate 
additional resection by exonucleases. In the absence of non-template DNA strand, the nascent 
transcript would be more prone to re-hybridize with the ssDNA-template, directly competing with RPA. 
This results in the formation of RNA-DNA hybrid at the break site. In the final step, RNaseH1 enzyme 
removes the RNA from the hybrid and enhances the recruitment of RPA to the damage site (Figure 
2.5).  
 
 
 
 
 
 
 
Figure 2.5. Model for the role of transcription machinery in long resection. Upon DSB induction, MRN starts resection at the break 
sites. The Pol II binds to the ssDNA segments and initiates transcription. Opening the DNA helix by chromatin remodelers and 
transcription factors facilitates the translocation of transcription machinery and subsequent long-range resection. Pol II can move ahead 
(left) or behind (right) the nuclease. In the absence of non-template DNA, RNA transcripts are prone to re-hybridize to their template-
DNA. Finally, the RNA moiety is cleaved from RNA-DNA hybrid by RNaseH1 enzyme. The long-resected ssDNA will covered by RPA 
(Modified from Ohle et al., 2016). 
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R-Loop 
RNA-DNA hybrids can also form through different biological process in the cells. During the elongation 
step of transcription, the nascent RNA can re-anneal to its DNA-template resulting in formation of 
RNA-DNA hybrid, termed to R-Loop structure (Figure 2.6). The formation of R-Loop can impair 
transcription and cause replication stress which may induce DNA damage (Aguilera, et al., 2012; 
Helmrich, et al., 2013). The mechanism of R-Loop formation, like what structure of DNA or RNA leads 
to re-association of transcript with its template, is still unclear. To prevent the formation of R-Loop, a 
co-transcription system has been evolved in eukaryotic cells. In this system, upon transcription, the 
nascent RNA transcripts are packaged into ribonucleoprotein particles (RNPs) and exported to the 
cytoplasm. Impairment of this system might lead to an increase in the level of R-Loop formation and 
genetic instability. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.6. Model for the formation of R-Loop. While transcription elongation, nascent RNA re-hybridized with its cognate template 
DNA. The non-template DNA strand cannot bind to the second DNA strand and forms a loop structure called R-Loop (Modified from 
Aguilera and Gomez-Gonzales, 2017). 
 
 
Degradation of RNA-DNA hybrids 
RNA-DNA hybrids can be unwound by different factors. Ribonuclease H (RNaseH) enzymes family can 
remove RNA moiety from RNA-DNA hybrids. RNaseH is an endoribonuclease that degrades RNA-DNA 
hybrid by cleaving the RNA unit (Cerritelli, et al., 2009). Mechanistically, RNaseH cleaves the PO-3' 
bond of the RNA by a catalytic mechanism that contains Mg2+ and Mn2+ metal ions (Yang, et al., 
2006). In eukaryotic cells, based on amino acid sequences, RNaseH enzymes are classified into two 
types, RNaseH1 (monomeric) and RNaseH2 (Heteromeric) (Tadokoro, et al., 2009). 
DEAD box 1 (DDX1) is another factor involved in the degradation of RNA-DNA hybrids. DDX1 is 
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involved in the transport of RNA transcripts from the nucleus to the cytoplasm and also in the 
regulation of splicing (Chou, et al., 2013). But, it has been shown that DDX1 is recruited to DSBs 
containing RNA and mediates their repair by removing RNA from RNA-DNA hybrids (Li, et al., 2016).  
Together these studies provide remarkably consistent and unequivocal evidence that the transfer of 
genetic information from RNA to DNA is more general and might be utilized for DNA repair.    
 
2.6 Aim of the study  
In somatic cells, the interaction of cell cycle control and DNA repair is essential for the repair of DNA 
lesions and the maintenance of genome stability. The simple DSBs are re-ligated quickly via c-NHEJ in 
all cell cycle phases, whereas the complex DSBs are repaired with slow kinetics in a resection 
dependent manner (Beucher, et al., 2009). In S and G2 phase, DNA resection is followed by HR, which 
is an error-free pathway. In G1 phase, the resected DNA-ends are repaired by resection dependent c-
NHEJ in an Artemis and CtIP dependent manner. This repair pathway is usually associated with 
chromosomal translocations and genome alterations (Biehs, el a., 2017).  
ESCs exhibit an unusual cell cycle profile with a short G1 phase and lack the G1/S checkpoint 
(Fluckiger, et al., 2006; van der Laan, et al., 2013). To compensate this weakness and preserve the 
genomic content, ESCs have developed a robust DSB repair capacity. Several studies have reported 
that HR governs DSB repair in ESCs (Tichy, et al., 2010; Lan, et al., 2012). However, how ESCs deal 
with the complex DSBs in G1 phase, where HR is not active, remains unclear. Therefore, the main goal 
of this study was to characterize the mechanism/s by which ESCs retain their genomic integrity. As the 
resection dependent c-NHEJ is highly error-prone, we hypothesized that ESCs utilize a particular DSB 
repair process in G1 phase, distinct from that in somatic cells. In addition, to better understanding the 
DSB repair capacity at different levels of cellular differentiation, the DDR mechanisms in ESCs and 
ESC-derived NSCs have been distinctly characterized.  
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3 Materials and Methodes 
 
3.1 Materials 
3.1.1 Cell lines 
ESC J1 Mouse embryonic stem cell line was derived from a male agouti 129S4/SvJae 
embryo, cultivated in DMEM supplemented with 1.5 % FCS, 0.1 % LIF, 1 % 
cell guard, 1 % Glutamine, 1 % NEAA, 1 % sodium pyruvate and 0.5 % ß-
Mercaptoethanol. Cells were passaged three times a week (1:6). Cells were 
kindly provided by Prof. Dr. Leon Mullenders (Leiden university medical 
center, Netherlands).  
 
NSC J1 Mouse neural stem cell line generated from ESC J1 in our lab, cultivated in 
Euromed-N supplemented with 1 % N-2 supplement, 1 % cell guard, 0.1 % 
EGF and 0.1 % bFGF. Cells were passaged three times a week (1:5 to 1:6). 
 
ESC iB10 Mouse embryonic stem cell line was derived from a male 123/Ola 
background, cultivated in DMEM supplemented with 1.5 % FCS, 0.1 % LIF, 1 
% cell guard, 1 % Glutamine, 1 % NEAA, 1 % sodium pyruvate and 0.5 % ß-
Mercaptoethanol. Cells were passaged three times a week (1:6). 
Cells were kindly provided by Prof. Dr. Leon Mullenders (Leiden university 
medical center, Netherlands). 
 
HeLa-S3 Human cervical cancer cell line isolated from Henrietta Lacks in 1951, 
cultivated in DMEM supplemented with 10 % FCS and 1 % NEAA and 
passaged two times a week (1:10). 
 
MEF Mouse embryonic fibroblast cell line, cultivated in DMEM supplemented with 
10 % FCS and 1 % NEAA. Cells were passaged two times a week (1:10).  
 
MEF feeder layer Cells were kindly provided by Prof. Dr. Leon Mullenders (Leiden university 
medical center, Netherlands). 
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3.1.2 Small molecule inhibitors 
 
Table 3. 1. Inhibitors. 
Inhibitor Concentration Company 
ATM (Ku60019) 5 µM Tocris Bioscience 
ATR (VE-821) 5 µM Selleckchem 
DNA-PK (Ku7441) 10 µM Tocris Bioscience 
DRB 100 µM Sigma 
PARP1 (PJ34) 10 µM Calbiochem 
PLK1/3 (GW843682X) 0.5 µM Tocris 
Rad51 (B02) 50 µg/ml Calbiochem 
 
 
3.1.3 siRNA 
 
Table 3. 2. siRNA. 
siRNA Sequence Concentration (nM) Company 
Negative control 5' AATTCTCCGAACGTGTCACG 3' 25  Qiagen 
Artemis (human) 5' AACTGAAGAGAGCTAGAACAG 3' 25  Qiagen 
Artemis (mouse) 5' AAGGATCACATGAAAGGATTA 3' 50  Qiagen 
CtIP (human) 5' TCCACAACATAATCCTAATTT 3' 50  Qiagen 
DDX1 (human) 5'CAGGCUGAAUCUAUCCCAUUGAUCU 3' 10  Qiagen 
 
 
3.1.4 DNA vectors 
GFP pEGFP-C1, vector for GFP expression in mammalian cells, purchased from 
Clontech. 
 
RNaseH1 pFRT-TODestGFP_RNAse, vector for RNaseH1 overexpression in mammalian 
cells, purchased from AddGene.  
 
3.1.5 Transfection reagents 
siRNA transfection reagents  
Lipofectamine®RNAiMAX reagent 
 
 
Invitrogen 
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DNA transfection reagent  
Lipofectamine® LTX with Plus reagent ThermoFisher 
Serum free medium  
Opti-MEM® Medium ThermoFisher 
 
3.1.6 Kits 
Venor®GeM Mycoplasma diagnosis kit Sigma Aldrich 
Click-iTTMEDU Imaging Kit Baseklick 
BrdU FITC BD 
peqGOLD Xchange Plasmid maxi-EF kit  
ZR Plasmid Miniprep™-Classic 
Peqlab 
ZYMO RESEARCH 
 
3.1.7 Cell culture 
Dulbecco's Modified Eagle's Medium (DMEM) Sigma Aldrich 
Euromed-N Biozol  
Non-essential amino acids (NEAA) Biochrom 
LIF (mouse) ProSpec 
Cell culture guard BD 
Fetal calf serum (FCS) Biochrom 
Sodium pyruvate Applichem 
L-Glutamine Sigma Aldrich 
N-2 supplement Invitrogen  
EGF (mouse) ProSpec 
bFGF (mouse) ProSpec 
 
3.1.8 Buffers and solutions 
All pH analysis were measured by using HCl and NaOH. 
 
Cell culture   
PBS 137 mM NaCl 
2.7 mM KCl 
8 mM Na2HPO4 
1.5 mM KH2PO4 
pH 7.4 
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Trypsin/EDTA 0.5 M EDTA 
2.5 % (v/v) Trypsin  
pH 8 
in PBS 
 
SDS-PAGE 
  
Lysis buffer 20 mMTris/HCl 
150 mMNaCl 
1 % Triton 
1x PhosStop 
1x Complete 
pH 8.2 
RIPA buffer  50 mMTris-HCl 
1 % Triton 
0.5 % C24H39NaO4 
pH 8 
Electrophoresis buffer  25 mMTris/HCl 
0.2 M Glycine 
(0.5 % /w/v) SDS 
pH 8.8 
5x Loading buffer (Laemmli) 60 nMTris/HCl 
2 % (w/v) SDS 
5 % (v/v) ß-Mercaptoethanol 
10 % (v/v) Glycerin  
0.01 % Bromophenol blue 
pH 6.8 
Stacking gel buffer  0.5 M Tris/HCl 
1 % SDS 
 
Running gel buffer  1.5 M Tris/HCl 
1 % SDS 
 
 
Western Blot 
  
Transfer buffer  20 mM Tris/HCl 
150 mM Glycine 
20 % Methanol 
pH 8.3 
Washing buffer (TBS-T) 200 mMTris/HCl 
1.4 M NaCl 
0.1 % Tween20 
pH 7.6 
Blocking buffer 5 % nonfat milk in TBS-T  
Primary/Secondary antibody 1 % nonfat milk in TBS-T 
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Immunofluorescence    
Cell fixation 2.5 % Formaldehyde in PBS  
Washing buffer  PBS  
Permeabilization 0.2 % TritonX-100 in PBS  
Blocking buffer  10 % Roti-Block in PBS  
Primary/secondary antibodiy 10 % Roti-Block in PBS  
DAPI 
 
0.4 µM/ml DAPI in PBS  
CytoSpin (ESC)   
Cell fixation 4 % Formaldehyde   
Permeabilization 
 
0.5 % TritonX-100 in PBS  
S9.6 stainig   
Pre-wash 0.5 % Formaldehyde in CSK buffer  
Cell fixation Ice cold methanol  
CSK buffer 10 mM PIPES 
100 mMNaCl 
300 mM sucrose 
3 mM MgCl2 
0.7 % TritonX-100 
0.3 mg/ml RNase 
 
Blocking buffer  2 % BSA, 0.5 % FCS in PBS  
Hoechst 2 µg/µl  
 
Cell viability assay 
  
Crystal violet solution  0.1 % Crystal violet 
25 % Methanol 
In MiliQ 
 
 
FACS 
  
PI solution 0.1 mg/ml PI 
10 mg/ml RNaseA  
In PBS 
 
Bacteria   
Ampicillin 50 mg/ml in MiliQ water   
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LB Agar broth 10 g/l Tryptone 
2 % Yeast extract 
5 g/l NaCl 
 
LB Agar plates 1.5 % Agar in LB broth   
   
3.1.9 Antibodies 
 
Table 3. 3. Primary antibodies. 
Antibody Species Dilution Company Application 
anti-γH2AX mouse 1:1000 Millipore IF 
anti-γH2AX rabbit 1:1000 Epotomics IF 
anti-53BP1 mouse 1:1000 Betyl IF 
anti-Artemis rabbit 1:3000 GeneTex WB 
anti-CyclinB1 mouse 1:200 Thermofisher IF 
anti-pRPA (T21) rabbit 1:10000 Abcam IF 
anti-Rad51 rabbit 1:10000 Abcam IF 
anti-GFP mouse 1:500 Roche IF 
anti-DDX1 rabbit 1:1000 Batch 2923 IF 
anti-S9.6 mouse 1:500 Kerafast IF 
anti-OCT4 rabbit 1:500 Abcam IF 
anti-SOX2 rabbit 1:500 Abcam IF 
anti-GFAP mouse 1:300 Thermofisher IF 
anti-ß-IIITubulin mouse 1:500 Thermofisher IF 
anti-Nestin mouse 1:200 Abcam IF 
anti-GAPDH rabbit 1:1000 Santa Cruz WB 
 
Table 3. 4. Secondary antibodies. 
Antibody Dilution Company Application 
Goat anti-rabbit AlexaFluor 488 1:1000 Molecular Probes IF 
Goat anti-mouse AlexaFluor 488 1:1000 Molecular Probes IF 
Goat anti-rabbit AlexaFluor 594 1:1000 Molecular Probes IF 
Goat anti-mouse AlexaFluor 594 1:1000 Molecular Probes IF 
Donkey anti-rabbit Dylight 1:1000 Invitrogen IF 
Goat anti-mouse IgG-HRP 1:10000 Santa Cruz WB 
Goat anti-rabbit IgG-HRP 1:10000 Santa Cruz WB 
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3.1.10 Protein standard 
PageRulerTM Plus Prestained Protein (SM1811) Fermentas 
3.1.11 Laboratory consumables 
Blotting paper, 703 VWR 
Cell culture dishes (35x10 mm, 60x15 mm) nunc ™ VWR 
Cell culture flask (20 cm², 75 cm²)  TPP 
Cover slips, 15x15 mm  Roth  
Centrifuge tubes (15 ml, 50 ml) Greiner  
FACS tubes Beckman Coulter 
Filter Cards, one hole TharmacCellspin 
Filter paper, Whatman Schleicher &Schüll 
Immersion oil Zeiss 
KimWipes NeoLab 
Kuvets, plastic Roth 
Micro tubes (Eppis) Roth 
Microscope slides, superfront Roth 
Parafilm Bermis 
Pasteur pipets, glas Roth 
Pasteur pipets, plastic Roth 
Pipet tips Sarstedt 
Pipet tips, filtered Roth 
Polysine® Slides Thermo Scientific 
PVDF membrane  Thermo Scientific 
µ-slide VI Ibidi 
µ-slide IV Ibidi 
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3.1.12 Chemicals 
Accutase Sigma-Aldrich 
Agar Roth 
APS Roth 
Bromphenol blue USB 
BSA AppliChem 
BrdU (1 mM)  BD Bioscience 
CaCl2 Roth 
Crystal violet Sigma-Aldrich 
DAPI Sigma-Aldrich 
DMSO Sigma-Aldrich 
EDTA Roth 
EdU (10 mM) Invitrogen 
Ethanol, denatured Roth 
Formaldehyde (4 %) AppliChem 
Glycerin Roth 
Glycine 
H2O2 
Roth 
Sigma-Aldrich 
HCl Roth 
Isopropanol Roth 
KCl Roth 
KH2PO4 Roth 
Methanol Roth 
MgCl2 Roth 
Mounting medium Vectashield® Axxora Alexis 
Nonfat-dried-milk Reformhaus 
Na2HPO4 Roth 
NaCl Roth 
NaOH Roth 
PhosStop 10X  Roche 
PIPES Roth 
Protease inhibitor 25x Compelete Roche 
RNase A Sigma-Aldrich 
Roti®-Block Roth 
SDS Roth 
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Sodium deoxycholate Roth 
Sucrose Roth 
TEMED Roth 
Tris Roth 
TritonX-100 Roth 
Trypsin Roth 
Tween®20 Roth 
ß-Mercaptoethanol Sigma-Adrich 
 
3.1.13 Instruments 
Camera system (microscope) AxioCamMRm Zeiss 
Centrifuge 5451 R/5804 R Eppendprf 
Centrifuge Biofugepico Heraeus 
Centrifuge Cellspin I THARMAC 
Cell counting chamber Neubauer improved Marienfeld Superior 
Chemiluminescence detection  Fusion FX Viber Lourmat 
Electrophorese system  SE260 Hoefer 
Flow box Herasafe ThermoScientifid 
Flow cytometer Cytomics FC 500 Beckman Coulter 
Incubator Hera cell 240 Thermo Scientific 
Microscope Imager Z2 Zeiss 
Microscope (cell culture) Eclipse TS100 Nikon 
Microscope (Live cell) AXIOVERT200M Zeiss 
Microscope (confocal) TCS SP5 II Leica 
Nanophotometer P-Class Implen 
pH Metter  pMX2000 WTW 
Power supply PowerPac™HC BIO-RAD 
Scale TE 1502S/TE 153S-DS Sartorius 
Shaker 3011 GFL 
Thermomix Comfort Eppendorf 
Vortex Vortex genie2 Scientific Industries 
Water bath 1083  GFL 
Wester bloting system  Mini Trans-Blot®Cell BIO-RAD 
X-ray machine X-RAD 320 PXi 
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3.1.14 Software 
Flow cytomerty CXP Beckmann Coulter 
Gele reader  ChemiCapt Viber Lourmat 
Fluoresent microscopy Metafer4 Metasystems 
Fluoresent microscopy LAS AF Lite Leica 
Image analysis Image J Open Source 
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3.2 Methods 
3.2.1 Cell biology 
All cell lines were cultivated under sterile condition and they were regularly tested for mycoplasma 
contamination. 
3.2.1.1 Differentiation of ESCs to NSCs 
By following the protocol of Conti et al. (2005), the ESC J1 were differentiated in vitro into NSC J1. To 
this end, adherently growing colony-forming ESCs were seeded into serum-free differentiation medium 
lacking the cytokine LIF, which is needed for ESC propagation (Figure 3.1a). After approximately 
5 days, newly differentiated and spherically growing neuronal precursor cells were re-seeded in NSC 
medium containing EGF and b-FGF. After an additional 3-5 days, adherent cells developed from the 
neurospheres and the procedure of re-seeding was repeated until a uniform, self-renewing monolayer 
of neural stem cells was established (Figure 3.1b). 
 
a. b. 
 
Figure 3.1. Morphology of ESC J1 and NSC J1. a. Transmission light microscopy images of ESC J1. b. Transmission light microscopy 
images of NSC J1. 
 
 
To exclude that cells underwent transformation and developed chromosomal instability, chromosomal 
spreads were regularly tested by Mrs. Christel Braun for chromosomal aberrations (Figure 3.2.a). Cells 
were classified as genetically stable when γ80 % of cells contained 39-41 chromosomes per cell (Figure 
3.2.b). ESCs were chromosomally stable, whereas in NSCs occasional aberrations were observed at 
passage number >25. Thus, NSCs were only used between passage number 15 and 25 for the 
experiments. 
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a. b. 
 
Figure 3.2. Karyotype testing of ESC J1 and NSC J1. a. Chromosomal spreads stained with Giemsa. b. Representative quantification 
of one karyotype testing. 
 
 
3.2.1.2 Cell culture 
To keep the cells healthy and growing, all cell lines were passaged when they reached 80-90 % 
confluency in culture flasks. To passage the cells, the old culture media was removed. Then, cells were 
washed once with 10 ml PBS and incubated with 3 ml Trypsin/EDTA (Accutase for NSCs) for 3-5 min 
at 37°C and 5 % CO2. The trypsinization reaction was stopped by addition of 7 ml culture media. Then 
cell suspension was transferred in a 15 ml tube and centrifuged for 3 min at RT and 200 g. After 
resuspension of the cell pellet in 5-10 ml media, cells were passaged at a ratio of 1:5-1:10 in 75 cm² 
culture flasks depending on cell line and confluency. The information regarding to cell lines, passaging 
frequency as well as appropriate culture media is listed in chapter 3.1.1. 
 
3.2.1.3 Cell seeding 
Using a Neubauer counting chamber, the cell number was determined for cell seeding. To seed the 
cells on glass coverslips, autoclaved coverslips were placed in 35 mm culture dishes and 2 ml cell 
suspension containing 5 x 105 cells was added to each dish. For ESCs, cells were seeded on plastic 
surface without using cover slips. For siRNA or plasmid transfection, 3 x 105 cells were plated in 2 ml 
medium. In all conditions, after seeding, the cells were incubated at normal cell culture conditions. 
To study DSB repair after low doses of X-rays, as well as laser micro-irradiation, cells were seeded in 
Ibidi slides 1 day prior to irradiation (Table 3.5). 
Table 3. 5. Cell number and culture media volume for different culture dishes. 
3.5 cm petri dish 10 cm petri dish µ-slid (Ibidi IV) µ-slide (Ibidi VI) 
3-5 x 105 cell 
in 2 ml medium 
5-8 x 105 cell 
in 5 ml medium 
5 x 105 cell 
in 600 µl medium 
3 x 105 cell 
in 200 µl medium 
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3.2.1.4 Inhibitor treatment  
All small molecule inhibitors listed in Table 3.1 were mixed with fresh media containing 0.5 µM EdU 
and 100 ng/ml Nocodazole and added to the cells 30 min before irradiation. Inhibitors, EdU and 
Nocodazole remained in the culture medium during the entire incubation time after irradiation.  
 
3.2.1.5 siRNA transfection 
One day after cell seeding, cells were treated with siRNA (see Table 3.2). Transfection was performed 
following manufacturer’s instructions. Briefly, siRNA was mixed with Lipofectamine RNAiMAX 
transfection reagent and Opti-MEM® serum free medium. After replacing the old media with 1ml 
Opti-MEM, the mixture was added dropwise to the cells under constant, slow rotation of the dish and 
incubated for 6 h at 37°C. Then the Opti-MEM containing siRNA was removed and fresh medium 
added to the cells and incubated at 37°C with 5 % CO2. Irradiation of the cells was always performed 
48 h after transfection.  
 
3.2.1.6 Plasmid DNA transfection 
Following the manufacturer's protocol, 3 µg/µl plasmid (section 3.2.1.6) was mixed with 
Lipofectamine® LTX with Plus reagent. Then the old medium was replaced by 1.5 ml Opti-MEM® 
serum free medium and the mixture was added dropwise to the cells under constant, slow rotation of 
the dish. After 6 h incubation at 37°C, the medium contains transfection reagent was removed and new 
media was added to the cells and incubated at 37°C with 5 % CO2. Irradiation of the cells was always 
performed 24-48 h after transfection.  
 
3.2.1.7 X-rays irradiation  
To induce double stranded DNA breaks, cells were irradiated with high and low doses of X-rays. In all 
conditions, 30 min prior to irradiation, cells were treated with EdU (0.5 nM) and Nocodazole (100 
µg/ml). EdU is a thymidine analoge and incorporated into the DNA structure while replication. Thus, 
cells in S phase during the time of irradiation and also the cells enter S phase during the repair 
incubation time are labelled. Nocodazole is an antimitotic agent, which causes cell cycle arrest at 
G2/M phase by disrupting microtubule polymerization. Using Nocodazole the contamination of G1 
population with cells that were irradiated in G2 phase was prevented. 
For irradiation, ESCs were seeded on plastic surface whereas other cell lines were seeded on sterile 
glass cover slips 24 h prior to irradiation (section 3.2.1.3). Cells were irradiated using X-RAD 320 X-
rays machine. Different settings for high and low doses of X-rays irradiation were applied (Table 3.6). 
Irradiation for the cells growing on cover slips was performed under consideration of the glass factor 
effect 1.5 (Kegel, et al., 2007). 
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Table 3. 6. X-rays irradiation setting. 
Gy Filter kV mA  Distance Time (sec) 
2 1 (2 mm Aluminum) 250 10 50 52 
1 2 (0.75 mm Copper, 0.25 mm Tin) 250 10 70 206 
0.1 2 (0.75 mm Copper, 0.25 mm Tin) 250 10 70 21 
0.01 2 (0.75 mm Copper, 0.25 mm Tin) 250 1 70 21 
 
 
3.2.1.8 Laser micro-irradiation 
For laser micro-irradiation, a Leica scanning confocal microscope (TCS SP5 II) and a 40x Leica 
objective were used. HeLa cells were grown in µ-Slide one day prior to irradiation (Table 3.5) and 
stained with Hoechst (2 µg/ml) for 10 min immediately before irradiation. To generate DNA damage, 
a preselected region of interest (ROI) within the nucleus of 1 µm thickness was micro-irradiated with 
the 405 nm laser set to 100 % at 200 Hz scanning speed. For standardisation, the FRAP wizard in the 
Leica software was used to set the irradiation parameters to 20 frames per ROI.  
 
3.2.2 Immunostaining   
To study the DSB repair behaviour in cell cycle specific manner, we combined the desired DSB markers 
with cell cycle specific markers (Figure 3.5). 
 
3.2.2.1 Cell fixation, permeabilization and blocking 
After irradiation and repair incubations, cells were washed once with BPS and fixed with 2.5 % 
formaldehyde for 15 min at RT. Then, cells were washed 3 times for 10 min with PBS. For 
permeabilization, cells were incubated with 0.2 % TritonX-100 for 10 min at RT. After 
permeabilization, cells were washed 3 times with 1x Roti block/MiliQ for 10min at RT (or overnight at 
4°C) and incubated in the same buffer for 1 h at RT (or overnight at 4°C). 
For ESCs, cells seeded on a plastic surface (section 3.2.1.7) were detached by Trypsin/EDTA (section 
3.2.1.2). For fixation, the cell pellet was resuspended in 1ml 4 % TritonX-100 and incubated for 10 
min at RT. Then, after centrifugation for 3 min at 4°C and 150 g, cells were resuspended in 1 ml PBS 
and spun down onto a glass slide by centrifuging for 1 min at RT and 10.000 RPM. The slides 
containing ESCs were incubated in permeabilization and blocking solutions as explained above.  
For S9.6 staining, cells were washed once with PBS and pre-extracted with CSK buffer contains 0.5 % 
TritonX-100 for 5 min at RT. After washing 3 times for 1 min with PBS, cells were fixed with ice cold 
methanol for 10 min at -20°C. Then, cells were washed 3 times for 10 min with PBS and blocked with 
2 % BSA, 0.5 % FCS/PBS for 1 h at RT (or overnight at 4°C). 
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For S9.6 foci analysis, G1-phase cells were selected by DAPI signal intensity and images were taken 
using confocal microscopy. Using the ImageJ software, a quantitative analysis of S9.6 and γH2AX co-
localization was performed.  
All experiments were conducted at least in two to three independent repetitions. For all data points, 
the SEM was calculated between the mean values of all independent experiments. Furthermore, p-
values were calculated using two sample t-test which compared the mean values of the all independent 
experiments (*=p≤ 0.05, **=p≤ 0.01, ***=p≤ 0.001, ****=p≤  0.0001). 
 
3.2.3 H2O2 treatment  
To analyze the effect of oxidative stress on DSB repair capacity after irradiation with low doses of X-
ray, cells were pre-treated with H2O2 3 h prior to irradiation. To this end, the media was removed and 
stored at 37°C. After washing once with PBS, cells were treated with 10 µM cold H2O2 and incubated 
for 30 min at 4°C. Then, H2O2 was replaced with the old media. 30 min prior irradiation, EdU, 
Nocodazole and inhibitors (ATM and DNA-PKcs) were added to the medium and cells were incubated 
at 37°C until irradiation was performed.  
 
3.2.4 Amplification of DNA-plasmid 
The bacteria contains RNAseH1 plasmid (Plasmid #65784) which purchased in an agar stab were 
cultured on an ampicillin contains agar. Three individual bacteria colonies were selected and 
inoculated for isolating the plasmids by miniprep kits. Next, using BamH1 restriction enzyme the 
plasmid size was measures based on restriction map. Finally, using peqGold xchange plasmid Maxi-EF 
kit and following the manufacturer’s instructions, the isolated plasmids were purified for transfection. 
 
3.2.5 Protein analysis 
To check the protein depletion efficiencies after siRNA transfection, a western blot approach was used. 
 
3.2.5.1 Sample preparation 
Cells were seeded in 6 well plate (section 3.2.1.3) and transfected with siRNA (Table 3.2). 48 h after 
transfection, cells were washed with PBS and treated with 120 µl lysis buffer (RIPA buffer + protease 
inhibitor and phospho stop) and incubated for 5 min at 4°C. Then, the supernatant was transfered to a 
new micro tube and stored at -20°C. 
 
3.2.5.2 Bradford assay 
Using Bradford assay, the protein concentration in each sample was determined. To this end, Bradford 
reagent was diluted 1:5 into MilliQ water. For each sample, 1 µl of extract was mixed with 1 ml 
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diluted Bradford reagent, vortexed briefly and incubated 5 min at RT. Then the light absorption was 
measured at 590 nm by Nanophotometer.  
 
3.2.5.3 SDS-Polyacrylamid-Gel Electrophorese (SDS-PAGE) 
Samples with protein concentrations 20-50 µg/µl were mixed with MilliQ water and loading buffer. 
After boiling for 10 min at 95°C, samples were loaded in a 10 % gel (Table 3.7). The gel was first run 
for 10 min at 90 V until the proteins entered the resolving gel, then the voltage was increased to 130 
V. The total running time was varied between 1 to 2.5 h depending on the protein size.     
 
Table 3. 7. Stacking and Resolving gel preparation. 
 Stacking gel (5 % Acrylamid) Resolving gel (10 % Acrylamid) 
Stacking gel buffer 0.95 ml  
Resolving gel buffer  2.25 ml 
Rotiphorese®Gel 30 550 µl 3 ml 
H2O 2.25 ml 3.5 ml 
APS 25 µl 50 µl 
TEMED 7 µl 5 µl 
 
 
3.2.5.4 Western blot  
After SDS-PAGE, the proteins were transferred from the resolving gel to a PVDF membrane. The PVDF 
membrane was activated by incubation in methanol for at least 1 min at RT. Then the membrane was 
washed briefly in the running buffer. The resolving gel was covered by membrane between multiple 
layers of Whatmann filter paper and a layer of sponge at each side. The air bubbles between gel and 
membrane were removed and the sandwich was placed inside the transfer chamber containing transfer 
buffer. To obtain better blotting, the transfer chamber was placed inside an ice bucket and a current of 
300 mA was applied for 3 h. After completion of blotting, the membrane was immediately blocked 
with 5 % non-fat milk in TBS-T for 1 h at RT. Then, the membrane was incubated with primary 
antibody (Table 3.3) overnight on the shaker at 4°C. The next day, the membrane was washed 3 times 
with TBS-T for 10 min and incubated with HRP-conjugated secondary antibody (Table 3.4) for 1 h at 
RT. The membrane was washed 3 times for 10 min in TBS-T and incubated with HRP substrate for 1-2 
min at RT. The chemiluminescent signal (protein band) was detected using a Fusion FX image 
acquisition system.  
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3.2.6 Cell viability assay 
To check the cell viability after exposure to X-rays irradiation, colony forming assay was performed. To 
this end, cells were seeded in a 10 cm petri dish (50 ESCs, 500 MEFs). The next day, cells were 
irradiated with different X-rays doses (0.5-5 Gy) and incubated at normal growing condition (section 
3.2.1.2). The culture media was changed two times a week until the colonies formed and were visible 
by eye. After approximately 7 days for ESCs and 10-14 days for MEFs, cells were washed with PBS and 
incubated with ice cold fixing solution (Acetic acid and methanol with ratio 1:3) for 20 min at 4°C. 
Then, the fixing solution was removed and 0.1 % crystal violet was added to the cells and incubated 
for 5 min at RT. After removing the dye and washing the cells with tap water, colonies were counted 
for each condition.    
 
3.2.7 Flow cytometry  
Cell cycle progression and cell cycle checkpoint activation after irradiation were analyzed using flow 
cytometry. To label the cells in S phase during irradiation, cells were treated with 10 µM BrdU 30 min 
prior to irradiation. BrdU is a thymidine analogue, which can be incorporated into the newly 
synthesized DNA of replicating cells during S phase. After irradiation and repair incubation, cells were 
trypsinized and washed in PBS. Then cells were centrifuged for 3 min at 200 g and resuspended in 2 
ml ice cold ethanol (dropwise under permanent vortexing) and incubated at least 30 min at -20°C. 
Next, the ethanol was removed by centrifugation and cells were resuspended in 1 ml 2 M HCL/PBS 
and incubated for 2 min at RT. Cells were centrifuged, resuspended in 500 µl 0.1 M Sodium-Tetraborat 
(pH 8.5) and incubated for 2 min at RT. To detect the incorporated BrdU, cells were washed with 1 ml 
1 % FCS/PBS and resuspended in 30 µl FITC-conjugated BrdU antibody, transferred to a flow 
cytometry tube and incubated for 30 min at RT. Finally, cells were resuspended in 500 µl PI solution 
(10 µg/ml propidium iodide, 0.5 mg/ml RNaseA/PBS) and measured by flow cytometry after 30 min.  
 
3.2.8 Mycoplasma test  
In order to test the mycoplasma contamination in our cell system, all cell lines were regularly tested 
using a PCR based technique. Since an anti-mycoplasma reagent was always used in our stem cell 
cultures, our cell system was mycoplasma negative. To test the cells, the manufacture's protocol was 
followed (Figure 3.4). 
 
 
 
Figure 3.4. Mycoplasma test using PRC-based technique. 100 µl medium from cell culture flask was collected and analyzed for 
Mycoplasma contamination. 
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G1/S checkpoint 
It is known that ESCs lack the G1/S checkpoint (Hong, et al., 2004; Fluckiger, et al., 2006), whereas in 
NSCs, controversial data from in vitro and in vivo studies make the existence of G1/S checkpoint 
unclear (Roque, et al., 2012). To assess whether G1/S checkpoint becomes active after irradiation in 
ESCs and NSCs, a flow cytometry-based BrdU pulse labelling method was adjusted to the stem cell 
system. For this purpose, cells were pulse labeled with BrdU (section 3.2.7) and irradiated with 2 Gy 
X-rays. Following irradiation, the S-phase entry of G1-phase irradiated cells was monitored in BrdU-
negative cells. Since BrdU-positive cells were in S phase during irradiation, they were excluded from 
the measurement. Flow cytometry analysis demonstrated that, neither in ESCs nor in NSCs, cell cycle 
progression was arrested by G1/S checkpoint immediately after irradiation and cells were able to enter 
into S phase. However, the S-phase entry at times >4 h post IR was slower in NSCs than in ESCs 
(Figure 4.3).  
 
a.   
 
                                                Time post 2 Gy (h) 
b.  
 
Figure 4.3. G1/S checkpoint in ESCs and NSCs using flow cytometry. Cells were pulse labeled with BrdU for 30 min prior to 2 Gy 
X-rays irradiation. At indicated time points, cells were fixed and stained for BrdU and PI. Since BrdU-labled cells were in S phase during 
irradiation, they were excluded from the evaluation and only BrdU-negative cells were quantified. a. Represent plot of flow cytometry 
analysis. The cell populations labeled with G1, S and G2 are BrdU-negative cells. b. Quantification of BrdU-negative S-phase cells. 
Error bars represent the SEM of three independent experiments. 
 
 
G2/M checkpoint 
The lack of G1/S checkpoint in ESCs and ineffectiveness G1/S checkpoint arrest in NSCs, enhances the 
importance of G2/M checkpoint for maintaining genomic integrity in these cells, particularly in ESCs. 
To investigate the efficiency of G2/M checkpoint activation after irradiation in ESCs and NSCs, BrdU 
pulse labeling was conducted to distinguish the S- and G2-phase cells. After exposure of the cells to 2 
Gy X-rays, the cell cycle progression of BrdU-positive S-phase cells was monitored using flow 
cytometry. The results revealed a complete cell cycle arrest in both cell types (Figure 4.4). However, 
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between 4-6 h post IR, NSCs started to leave the G2/M checkpoint, whereas, ESCs were still stuck in 
the checkpoint (Figure 4.4). 
 
 a.  
 
                                                   Time post 2 Gy (h)  
b. 
 
Figure 4.4. G2/M checkpoint in ESCs and NSCs using flow cytometry. Cells were pulse labeled with BrdU for 30 min prior to 2 Gy 
X-rays irradiation. Then, cells were fixed and stained for BrdU and PI at the indicated time points. The BrdU-negative cells were 
excluded from the evaluation, as they were in G1 and G2 phases during irradiation. The BrdU-positive cells represent the fraction of cells 
entered in G2 phase after irradiation. a. Representative plot of BrdU-positive flow cytometry. b. Quantification of BrdU-positive G2 
phase cells. Error bars represent the SEM of three independent experiments. 
 
 
4.2 DNA repair in G1 and G2 phase 
As previously mentioned, the main objective of this project was to investigate the DSB repair 
mechanisms in a cell cycle specific manner in ESCs and NSCs. To this end, DSB and cell cycle specific 
markers were combined (section 3.2.2.1) and DSB repair was analyzed in G1 and G2 phase cells using 
Metafer software (Figure 3.6). 
 
4.2.1 DSB repair after low X-rays doses 
4.2.1.1 DSB repair capacity   
It has been reported that, in human fibroblasts, an efficient DSB repair becomes active only after 
irradiation with doses above 20 mGy (Rothkamm, et al., 2003; Grudzenski, et al., 2010). Thus, to 
investigate whether this is also the case in stem cells, ESCs and NSCs were irradiated with 10 mGy, 
100 mGy and 1 Gy X-rays (section 3.2.1.7), and the repair capacity was assessed in G1- and G2- phase 
cells using 53BP1 as a DSB marker. 
A preliminary analysis of DSB repair in ESCs after 100 mGy revealed an efficient repair with 35-45 % 
reduction in DSB level within 4 h post IR (Figure 4.5). In ESCs, since the G2/M checkpoint cannot be 
induced by low doses of IR and also the lack of G1 checkpoint (Figure 4.3), the majority of the cells 
are in S phase. The small population of the cells in G1- and G2-phase was a big limitation to study DSB 
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repair after low doses of IR in ESCs. Thus, ESCs were excluded for further study of DSB repair capacity 
after IR with doses <100 mGy. 
 
 
 
Figure 4.5. DSB repair after low dose irradiation in G1- and G2-phase ESCs. Cells were plated and incubated for one day under 
normal cell culture condition. Then, cells were irradiated with 100 mGy X-rays. At the indicated time points, cells were spun down on 
glass slide, fixed and stained with 53BP1 and CyclinB1 antibodies. Repair incubation took place in the presence of EdU and Nocodazole. 
53BP1 foci were quantified in G1- (EdU-negative, CyclinB1-negative) and G2- (EdU-negative, CyclinB1-positive) phase cells. This 
experiment was only performed once. 
 
 
In NSCs, a similar efficiency of DSB repair with respect to ESCs has been observed in both G1 and G2 
phase after 100 mGy X-rays (Figure 4.6). In contrast, a massive impairment in DSB repair was 
observed in G1-phase NSCs after 10 mGy. While in G2 phase almost 50 % of DSBs were repaired, in 
G1 phase nearly no repair could be detected (Figure 4.6). 
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a.  
b.  
 
Figure 4.6. DSB repair after low dose irradiation in G1- and G2-phase NSCs. Cells were seeded on coverslips and incubated for one 
day under normal cell culture conditions. Then, cells were irradiated with 10 or 100 mGy X-rays and 53BP1 foci were quantified at the 
indicated time points. Repair incubation times took place in the presence of EdU and Nocodazole. G1- and G2-phase cells were 
identified by negative EdU staining and a negative or positive CyclinB1 staining, respectively. Error bars in G1 phase represent the SEM 
of three independent experiments and in G2 phase two independent experiments. P-value: *≤ 0.05, ***≤ 0.001 (using student t-test). a. 
Quantification of 53BP1 foci in G1- (left panel) and G2- (right panel) phase cells after 100 mGy. b. Quantification of 53BP1 foci in G1- 
(left panel) and G2- (right panel) phase cells after 10 mGy. Error bars in G1 phase represent the SEM of five independent experiments. 
 
 
4.2.1.2 ATM and DNA-PKcs kinase activities 
It has been shown that ATM and DNA-PKcs signalling are essential for DSB repair (Shrivastav, et al., 
2009; Jiang, et al., 2015). Furthermore their kinase activities are required for the phosphorylation of 
H2AX and subsequent 53BP1 foci formation (Burma, et al., 2001; Stiff, et al., 2004). The lack of DSB 
repair in G1-phase NSCs after 10 mGy X-rays irradiation (Figure 4.6b) might be caused by an 
insufficient kinase activity of ATM and DNA-PKcs. To inspect the kinase activity of ATM and DNA-PKcs 
after irradiation in NSCs, ATM and DNA-PKcs were inactivated using small molecule inhibitors (see 
Table 3.1). At 1 h after irradiation with high (1 Gy) and low (10 mGy) doses of X-rays, the formation 
of 53BP1 foci was assessed as a readout for ATM and DNA-PKcs kinase activities in G1-phase cells. 
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4.2.1.3 Impact of H2O2 on DSB repair 
It was shown that artificially induced oxidative stress by H2O2 treatment enhances DSB repair capacity 
after low dose irradiation in human fibroblasts (Grudzenski, et al., 2010). This indicated that the 
oxidative stress level after exposure to the low doses of IR is not sufficient to activate kinase signalling. 
To assess whether oxidative stress influences kinase activities and enhances DSB repair capacity in 
stem cells, NSCs were treated with H2O2 before irradiation (section 3.2.3). To determine an optimal 
level of oxidative stress, in a preliminary experiment, NSCs were treated with different concentrations 
of H2O2. Quantification of 53BP1 foci in G1-phase cells at 15 min after H2O2 treatment revealed that 10 
µM H2O2 did not induce additional foci (Figure 4.8). Thus, the 10 µM H2O2 was used as an optimal 
concentration to induce oxidative stress in the following experiments. 
 
 
Figure 4.8. DSB induction by H2O2 treatment in G1-phase NSCs. Cells were treated with H2O2 for 30 min at 4°C. Mock was treated 
with PBS. 53BP1 foci were quantified after replacing the H2O2 with normal media contained EdU and Nocodazole. G1 phase were 
identified by negative EdU and CyclineB1 staining. The experiment performed only one time. 
 
 
To investigate the impact of H2O2 on DSB repair, NSCs were pre-treated with 10 µM H2O2 and 
irradiated with 10 mGy. Scoring 53BP1 foci in G1-phase cells, demonstrated nearly similar foci level in 
control (H2O2 untreated) and H2O2 treated cells at 1 h post IR (Figure 4.9). Interestingly, our results 
showed that only cells pre-treated with H2O2 were able to significantly repair the IR-induced DSBs to 
the background level within 4 h post 10 mGy (Figure 4.9). 
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Figure 4.9. DSB repair in G1-phase NSCs after H2O2 treatment. 3 h prior to 10 mGy X-rays irradiation, cells were treated with 10 
µM H2O2 for 30 min at 4°C. 53BP1 foci were quantified at 1 and 4 h after IR in G1-phase cells. Repair incubation took place in the 
presence of EdU and Nocodazole. G1-phase cells were identified by negative EdU and CyclinB1 staining. Error bars represent the SEM 
of three and two independent experiments for 1 and 4 h time points, respectively. P-value: *≤ 0.05 (using student t-test). 
 
 
Since oxidative stress enhances the repair capacity after low dose of irradiation (Grudzenski, et al., 
2010) (Figure 4.9), we hypothesized that the triggered DSB repair after oxidative stress might be 
facilitated by enhancement of ATM and DNA-PKcs kinase activities. Thus, to evaluate this hypothesis, 
the activity of ATM and DNA-PKcs was inhibited and the ability NSCs to form 53BP1 foci after H2O2 
treatment was assessed. To this end, NSCs were treated with H2O2 as well as ATM and DNA-PKcs 
inhibitors. At 1 h post 10 mGy X-rays irradiation, cells were fixed and analyzed for 53BP1 foci. 
Oxidative stress had no impact on ATM and DNA-PKcs activities and H2O2 treated cells demonstrated 
similar level of 53BP1 foci as in untreated cell (Figure 4.10). 
 
 
 
Figure 4.10. Impact of oxidative stress on ATM and DNA-PKcs kinase activities in G1-phase NSCs. 3 h before 10 mGy irradiation, 
cells were treated with 10 µM H2O2 for 30 min at 4°C. ATM and DNA-PKcs inhibitors (ATMi and DNA-PKcsi) were added 30 min 
prior to irradiation. 53BP1 foci were quantified at 1 h post IR in G1-phase cells (EdU-negative, CyclinB1-negative). Repair incubation 
took place in the presence of EdU and Nocodazole. Error bars represent the SEM of three independent experiments. 
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4.2.2 DSB repair after high X-rays doses 
Using 2 Gy X-rays (as high dose of IR), the DSB repair mechanisms in a cell cycle-specific manner were 
investigated in ESCs and NSCs. To analyze DSB repair in G1 and G2 phase, cell cycle discrimination 
was conducted in a semi-automated way using Metafer software (section 3.2.2.3). G1-phase cells were 
identified by negative EdU and CyclinB1 staining, while G2-phase cells were EdU- negative and 
CyclinB1-positive (Figure 3.3). 
 
4.2.2.1 DSB repair capacity   
It has been shown that DSBs repair in somatic cells is a biphasic process involving a fast and a slow 
repair component (Dianov, et al., 2007; Riballo, et al., 2004). To test whether the same phenomenon 
could be observed in stem cells, wild type (WT) ESCs and NSCs were exposed to 2 Gy X-rays. 
Quantification of 53BP1 foci after IR demonstrated nearly similar repair capacity in both cell types in 
G1 and G2 phase (Figure 4.11). Furthermore, similar to somatic cells, a biphasic DSB repair has been 
observed in ESCs and NSCs. As seen in Figure 4.11, at induction time point (15 min after IR), both cell 
types displayed ~20 DSBs in G1 phase and ~40 DSBs in G2 phase. Almost 50 % of IR-induced DSBs 
were quickly repaired within 2 h post IR and the residual foci were slowly repaired nearly to the 
background level within 6 h after 2 Gy X-rays (Figure 4.11).  
 
 
 
 
Figure 4.11. DSB repair capacity in WT ESCs and NSCs. Cells were treated with EdU and Nocodazole 30 min before 2 Gy 
irradiation and incubated for repair. At the indicated time points cells were fixed and 53BP1 foci were quantified in G1- and G2-phase 
cells. G1- and G2-phase cells were identified by negative EdU staining and negative or positive CyclinB1 staining, respectively. Foci 
numbers of unirradiated cells were subtracted. Error bars represent the SEM of three independent experiments. 
 
 
4.2.2.2 Contribution of fast and slow component of DSB repair 
It has been reported that in differentiated cells immediately after irradiation the majority of IR-induced 
DSBs are repaired via canonical-on-homologous end-joining (c-NHEJ) with DNA-PKcs being one of the 
core enzymes. While, a sub-fraction of DSBs is repaired slowly via an ATM-dependent repair pathway, 
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which represents resection-dependent non-homologous end-joining pathway (Res.-dep.-NHEJ) in G1 
and homologous recombination (HR) in G2 phase (Beucher, et al., 2009; Biehs, et al., 2017). 
The role of ATM and DNA-PKcs in the DSB repair in G1- and G2-phase ECSs and NSCs were assessed 
using specific inhibitors (see Table 3.1). The results revealed that in both cell types, inhibition of ATM 
induced a significant repair defect, which became apparent from 2 h post IR and caused almost 40-50 
% unrepaired breaks to persist until 6 h post IR (Figure 4.12). On the other hand, inhibition of DNA-
PKcs illustrated a clear difference between the repair behaviour of ESCs and NSCs. In ESCs, DNA-PKcs 
inhibition impaired DSB repair within the first 2 h post IR followed by an efficient repair identical to 
wild type cells (WT). In contrast, similar to somatic cells (Biehs, et al., 2017), inhibition of DNA-PKcs 
induced a severe repair defect in NSCs (Figure 4.12). 
a.  
b.  
Figure 4.12. ATM- and DNA-PKcs-dependency of DSB repair in G1 and G2 phase. ESCs and NSCs were treated with ATM 
(ATMi) and DNA-PKcs (DNA-PKcsi) inhibitors 30 min before 2 Gy X-rays irradiation. 53BP1 foci were quantified at the indicated time 
points. Repair incubation took place in the presence of EdU and Nocodazole. G1- and G2-phase cells were identified by negative EdU 
staining and negative or positive CyclinB1 staining, respectively. Foci numbers of unirradiated cells were subtracted. Error bars represent 
the SEM of three independent experiments. P-value: *≤ 0.05, **≤ 0.01, ***≤ 0.001, ****≤ 0.0001 (using student t-test). a. Quantification 
of 53BP1 foci level after 2 Gy irradiation in G1- and G2-phase ESCs. b. Quantification of 53BP1 foci level after 2 Gy irradiation in G1- 
and G2-phase NSCs. 
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Next, the contribution of HR in G2-phase stem cells has been investigated. In somatic cells, it was 
previously shown that ATM-dependent repair pathway represents HR in G2 and a resection-dependent 
pathway in G1 phase (Beucher, et al., 2009; Biehs, et al., 2017). To verify whether the ATM-dependent 
repair pathway in G2-phase stem cells is the same pathway as in somatic cells, DSB repair was 
monitored after inhibition of Rad51 (a HR core protein) in ESCs and NSCs (Figure 4.13). 
Quantification of 53BP1 foci at 2 h post IR showed that the foci level in WT and Rad51-inhibited ESCs 
and NSCs was similar (Figure 4.13). Furthermore, since Rad51 is only involved in HR (Lambert, et al., 
2000), inhibition of Rad51 did not show any significant impact on DSB repair in G1-phase cells, as 
expected (Figure 4.13). Interestingly, at 6 h post IR a significant repair defect became apparent in 
Rad51 inhibited-NSCs, whereas ESCs did not exhibit any repair defect (Figure 4.13). 
 
a.   
b.  
 
Figure 4.13. Rad51-dependency of DSB repair in G1- and G2- phase stem cells. ESCs and NSCs were treated with Rad51 inhibitor 
(Rad51i) 30 min before 2 Gy X-rays irradiation. At the indicated time points, cells were fixed and stained for 53BP1 and CyclinB1. The 
experiment was performed in the presence of EdU and Nocodazole. 53BP1 cells were quantified in G1- (EdU-negative, CyclinB1-
negative) and G2- (EdU-negative, CyclinB1-positive) phase cells. The background foci level was subtracted. Error bars represent the 
SEM of three independent experiments for ESCs and two independent experiments for NSCs. P-value: *≤ 0.05, **≤ 0.01 (using student 
t-test). a. Quantification of 53BP1 foci level after 2 Gy X-rays in G1- and G2-phase ESCs. b. Quantification of 53BP1 foci level after 2 
Gy X-rays in G1- and G2-phase NSCs. 
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a.  
b.  
c.  
 
Figure 4.15. PARP1-dependent alt-NHEJ in G1 and G2 phase cells. Cells were treated with inhibitors (ATM-, DNA-PKcs- and 
PARP1-inhibitor) 30 min before irradiation. After 2 Gy X-rays, repair incubation took place in presence of EdU and Nocodazole. At the 
indicated time points, 53BP1 foci were quantified in G1 (EdU-negative, CyclinB1-negative) and G2 (EdU-negative, CyclinB1-positive) 
cells. Foci numbers of unirradiated cells were subtracted. Error bars represent the SEM of three and two independent experiments in 
ESCs and NSCs respectively. The experiment with MEFs was only performed once. P-value: *≤ 0.05, **≤ 0.01, ***≤ 0.001 (using 
student t-test). a. Quantification of 53BP1 foci level after 2 Gy X-rays in G1- and G2-phase ESCs. b. Quantification of 53BP1 foci level 
after 2 Gy X-rays in G1- and G2-phase NSCs. c. Quantification of 53BP1 foci level after 2 Gy X-rays in G1- and G2-phase MEFs. 
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Next, the PARP1-dependency of the observed efficient DSB repair in Rad51 inhibited G2 phase ESCs 
was inspected. The result revealed that PARP1 inhibition caused a significant repair defect in Rad51-
inhibited ESCs. In contrast, NSCs did not exhibit an additional impairment in DSB repair after PARP1-
inhibition (Figure 4.16). 
 
Figure 4.16. PARP1-dependent alt-NHEJ in G2 phase ESCs and NSCs. Inhibitors (Rad51- and PARP1-inhibitor) were added to the 
cells 30 min before IR. After irradiation with 2 Gy, 53BP1 foci were quantified at the indicated time points in EdU-negative and 
CyclinB1-positive cells. The WT and WT + Rad51i are the same values as in Figure 4.13. Foci numbers of unirradiated cells were 
subtracted. Error bars represent the SEM of three independent experiments for ESCs and two independent experiments for NSCs. P-
value: **≤ 0.01 (using student t-test). 
 
 
4.3 Slow component of DSB repair in G1-phase stem cells 
Since the mechanism of the slow component of DSB repair in G1-phase stem cells was unclear, in the 
following experiments, the nature of the ATM-dependent repair pathway was investigated in G1-phase 
ESCs and NSCs.   
 
4.3.1 Resection in G1 phase 
It has been reported that resection is an essential process to repair complex DSBs (Niu, et al., 2009; 
Quennet, et al., 2010). The resection mediating proteins, like CtIP, regulate limited DNA-end resection 
in G1, S, and G2 phase (Niu, et al., 2009; Yajima, et al., 2013). Since resection in G1 phase is not 
extensive as it is in S or G2 phase, the formation of resection dependent foci, e.g. pRPA, could only be 
detected after induction of very complex DSBs which normally arise after heavy ions or alpha-particles 
irradiation (Averbeck, et al., 2014; Barton, et al., 2014). To consolidate these results, using laser 
micro-irradiation, the accumulation of pRPA foci at the DSB sites was observed in G1-phase HeLa cells 
(Figure 4.17). The pRPA laser track overlaid with γH2AX in irradiated cells, however, pRPA signal in 
G1 phase was weak, compared to G2 and S phase cells.   
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4.3.2 Resection-dependent DSB repair 
It was recently described that the slow component of DSB repair in G1-phase somatic cells is resection-
dependent c-NHEJ (Res.-dep.-NHEJ) (Biehs, et al., 2017). PLK3 is one the factors mediating resection 
in G1 phase via phosphorylation of downstream factors, e.g. CtIP endonuclease (Barton, et al., 2014). 
To assess the role of PLK3 in resection and DSB repair in G1-phase ESCs, cells were treated with PLK3-
inhibitor. After 2 Gy X-ray irradiation, γH2AX and pRPA foci were analyzed in each single G1-phase 
cells. Monitoring pRPA foci revealed that the resection in G1-phase ESCs was PLK3-dependent and the 
formation of pRPA foci was completely abolished after inhibition of PLK3 (Figure 4.21a). Analyzing 
γH2AX foci level demonstrated that the inhibition of PLK3 induced a clear impairment in DSB repair at 
times >2 h post IR (Figure 4.21b).  
 
a. b. 
 
Figure 4.21. Role of PLK3 in resection and DSB repair in G1 phase ESCs. Cells were treated with PLK3 inhibitor (PLK3i) 30 min 
before irradiation. After 2 Gy X-rays irradiation, cells were fixed at the indicated time points and stained with γH2AX and pRPA 
antibodies. Repair incubation took place in the presence of EdU and Nocodazole. Foci were quantified in EdU-negative and CyclinB1-
negative G1-phase cells. Foci numbers of unirradiated cells were subtracted. Error bar represent the SEM of three independent 
experiments. P-value: *≤ 0.05, **≤ 0.01 (using student t-test). a. Quantification of pRPA foci in WT and PLK3-inhibited (PLK3i) G1-
phase ESCs. b. Quantification of γH2AX foci in WT and PLK3-inhibited (PLK3i) G1-phase ESCs. 
 
 
4.3.3 Role of Artemis in slow component of DSB repair 
Resection in G1 phase renders a big fragment of single-strand DNA (ssDNA). This ssDNA may fold back 
on the DNA to form a transient hairpin structure (Williams, et al., 2008; Jette, et al., 2015). The 
formation of stable hairpins protects DNA-ends against nucleases. To facilitate further repair, the 
hairpin end is opened by Artemis nuclease and ssDNA is immediately decorated by pRPA (Biehs, et al., 
2017). Recently it was shown that the depletion of Artemis abolished pRPA foci formation after α-
particle irradiation and also impaired DSB repair in somatic cells (Biehs, et al., 2017). Thus, the 
involvement of Artemis in resection and DSB repair in G1 phase ESCs and HeLa cells has been 
evaluated using siRNA (section 3.2.1.5). As expected, the quantification of γH2AX foci at 8 h post IR 
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4.3.4 Detection of RNA-DNA hybrids at DSB sites  
Recently, different studies suggested that RNA is involved in DSB repair (Chakraborty, et al., 2016; 
Ohle, et al., 2016; Elf, 2016; Keskin, et al., 2016). In a yeast cell system, Ohle et al. demonstrated that 
RNA regulates resection in HR (Ohle, et al., 2016). Thus, to inspect the role of RNA in long range 
resection in G1-phase ESCs as detected by pRPA foci appearance (Figure 4.19), the formation of RNA-
DNA hybrids at DSB sites was assessed after 2 Gy X-rays in G1 phase ESCs and HeLa cells using the 
S9.6 antibody. Since the S9.6 foci are too tiny and not detectable by wide field fluorescence 
microscopy, the formation of S9.6 foci at DSB sites (γH2AX) were evaluated utilizing confocal 
microscopy. To investigate the formation of RNA-DNA hybrids at DSB sites, the overlap between S9.6 
and γH2AX signal intensities in each single focus layer was evaluated. The co-localization of S9.6 and 
γH2AX signals was observed in ESCs and HeLa cells (Figure 4.23a). As seen in Figure 4.23b, 
quantification of γH2AX and S9.6 foci at 15 min post IR in ESCs (n=18) and HeLa cells (n=10) 
demonstrated that 14 % of total γH2AX foci overlapped with S9.6 foci. At 2 h after IR, the co-
localization of γH2AX and S9.6 foci in ESCs (n=11) and HeLa cells (n=10) increased to 35 % and 25 
%, respectively (Figure 4.23b).  
 
 
 Results 
a. 
b.  
Figure 4.23. RNA-DNA hybrids formatio
with 2 Gy X-rays and stained for S9.6 a
Nocodazole. To evaluate the data, confocal m
nucleus brightness (DAPI). a. Representatio
γH2AX antibodies at 2 h post IR. Scale bars
in G1-phase ESCs and HeLa cells. 
0
5
10
15
20
15 min 2 h 
F
o
c
i 
p
e
r 
c
e
ll
 
Time post 2 Gy
ESCs-G1 phase  
n=8
n=11
14 %
38 
 
 
n at X-rays-induced DSB sites in G1-phase ESCs and H
nd γH2AX foci at indicated time points. Incubation tim
icroscopy was employed. The G1 phase cells were detecte
n of the confocal image analysis of G1-phase ESCs and H
 represent 5 µm. b. Quantification of S9.6 and γH2AX over
0
5
10
15
20
25
30
15 min 
F
o
c
i 
p
e
r 
c
e
ll
Time post 2 G
HeLa cells-G1 pha
14 %
n=10
γH2AX
S9.6/γH2AX
%
56   
eLa cells. Cells were irradiated 
e took place in the presence of 
d manually based on cell size and 
eLa cells stained with S9.6 and 
lapping foci at 15 min and 2 h IR 
2 h 
y
se
γH2AX
S9.6/γH2AX
n=10
25 %
 Results 
To confirm the specificity of S9.6 
laser-micro irradiation has been
irradiation in these cells. Thus, o
result showed that laser miro-irra
At 2 h post IR, the S9.6 foci were 
track (Figure 4.24). Similar to X-
nucleus independently of DNA-da
 
                                                                     
 
Figure 4.24. S9.6 foci accumulation at las
irradiation and stained with Hoechst for 10 m
with γH2AX and S9.6 antibodies. Images we
 
 
4.3.5 Role of RNA-DNA hybr
 
PLK3 inhibition  
To better understand the invol
formation of RNA-DNA hybrids at
prior to micro-irradiation, resectio
γH2AX laser tracks were observed
was abolished in PLK3-inhibited c
γH2AX (Figure 4.25a). Furtherm
irradiation in PLK3-inhibited cell
irradiation and the co-localization
G1-phase cells. Inhibition of PLK3
% decrease in S9.6 and γH2AX ov
respectively. At 2 h after IR, t
localization level was reduced to 5
 
antibody, as well as to validate the presence 
 utilized. Growing ESCs in colony prevent
nly HeLa cells have been used for this stud
diation generated a visible γH2AX track in H
present at DSB sites and formed a track that 
rays irradiation, after micro-irradiation, many
mage.  
    HeLa cells-2 h post laser micro-irradiation  
er-induced DNA damage sites in HeLa cells. Cells were 
in immediately before irradiation. At 2 h post micro-irradia
re taken by confocal microscope. Scale bar represents 5 µm
ids in resection dependent DSB repair 
vement of RNA in DSB repair, the resect
 DSB sites in G1 phase was addressed. Using
n was blocked in HeLa cells. 2 h post DNA
 in both WT and PLK3-inhibited cells. The f
ells, whereas in WT cells, a visible S9.6 track
ore, co-localization of γH2AX and S9.6 wa
s. To this end, ESCs and HeLa cells were 
 of γH2AX with S9.6 foci at 15 min and 2 h
 decreased the co-localization level. At 15 m
erlapping level was observed in ESCs (n=6)
he impact of PLK3-inhibition was more p
0 % in ESCs (n=5) and 70 % in HeLa cells (
57   
of S9.6 foci at DSB sites, 
ed applying laser-micro 
y (chapter 3.2.1.8). The 
eLa cells (Figure 4.24). 
overlaid with the γH2AX 
 S9.6 foci formed in the 
seeded in µ-Slide one day before 
tion, cells were fixed and stained 
. 
ion dependency of the 
 a PLK3 inhibitor 30 min 
-damage induction, clear 
ormation of a S9.6 track 
 formed overlaying with 
s quantified after X-rays 
exposed to 2 Gy X-rays 
 post IR was analyzed in 
in post IR, 30 % and 51 
 and HeLa cells (n=11), 
ronounced and the co-
n=11) (Figure 4.25b). 
 Results 
a. 
                                                              
             HeLa cells (WT)
b. 
Figure 4.25. Role of PLK3 in S9.6 foci for
or micro-irradiation. At the indicated time p
localization (γH2AX and S9.6) was analyze
image analysis in G1-phase HeLa cells. Util
single focus layer at 2 h post micro-irradiatio
ESCs and HeLa cells. The level of co-locali
time point, ESCs (n=6) and HeLa cells (n=1
analyzed. 
0
1
2
3
4
5
6
15 min 2 h 
γ
H
2
A
X
 f
o
c
i 
c
o
lo
c
a
li
z
e
d
 w
it
h
 S
9
.6
 f
o
c
i 
p
e
r 
c
e
ll
 
Time post 2 Gy
ESCs-G1 phase
n=6
n=5
30% 5
 
          2 h post laser micro-irradiation  
                                                                      HeIa cells+PL
 
mation at DSB sites. Cells were treated with PLK3 inhibito
oints, cells were fixed and stained with γH2AX and S9.6 
d in WT and PLK3-inhibited cells. Scale bars represent 5 µ
izing ImageJ software, the co-localization of γH2AX track 
n. b. Quantification of γH2AX overlaid with S9.6 foci in W
zation was analyzed at 15 min and 2 h after IR in WT and
1) in G1 phase were analyzed. At 2 h time point, 5 ESCs (
WT
WT+PLK3i
0%
0
1
2
3
4
5
6
15 min 
γ
H
2
A
X
 f
o
c
i 
c
o
lo
c
a
li
z
e
d
 w
it
h
 S
9
.6
 f
o
c
i
p
e
r 
c
e
ll
  
Time post 2
HeLa cells-G1 pha
n=11
51%
58   
K3i  
r (PLK3i) 30 min prior to X-rays 
antibodies. Then the level of co-
m. a. Representation of confocal 
and S9.6 track was analyzed in a 
T and PLK3-inhibited G1 phase 
 PLK3-inhibited cells. At 15 min 
n=5) and HeLa cells (n=11) were 
2 h 
 Gy
se
WT
WT+PLK3i
n=11
70%
 Results 
RNaseH1 overespression 
It was previously shown that RN
the RNA moiety (Ohle, et al., 20
formation of RNA-DNA hybrids (P
RNaseH1 in S9.6 foci formation, 
seeded in µ-slides 1 day prior 
performed (section 3.2.1.8). As se
cells as marked by γH2AX. Confo
only abolished the formation of S
in transfected cells (Figure 4.26)
signal intensity and green bright n
                                                                     
                                                HeLa cells (W
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.26. Impact of RNaseH1 overexp
RNaseH1 plasmid three days before damage
performed 10 min before irradiation. For la
exposed to micro-irradiation. At 2 h post i
microscope and ImageJ software, the format
 
 
aseH1 enzyme can degrade RNA-DNA hybri
16). Furthermore, the overexpression of RN
aulsen, et al., 2009; Stirling, et al., 2012). T
HeLa cells were transfected with GFP-tagge
to irradiation (section 3.2.1.6). Then, lase
en in Figure 4.26, the laser tracks were gen
cal image analysis showed that the overexp
9.6 track but also eliminated the DNA-dama
. The G1-phase transfected cells were identifi
ucleus.   
         2 h post laser micro-irradiation  
T)                                                          HeLa cells+RNaseH
ression on RNA-DNA hybrid formation. HeLa cells w
 induction. One day prior to irradiation, cells were seeded 
ser track generation, the transfected cells were identified b
rradiation, cells were fixed and stained with S9.6 and γH
ion of S9.6 and γH2AX laser tracks was analyzed. 
59   
d structures by cleaving 
haseH1 suppressed the 
o characterize the role of 
d RNaseH1 plasmid and 
r micro-irradiation was 
erated in G1-phase HeLa 
ression of RNaseH1 not 
ge independent S9.6 foci 
ed by their size, Hoechst 
1 
ere transfected with GFP-tagged 
in µ-slides. Hoechst staining was 
y their green bright nucleus and 
2AX antibodies. Using confocal 
 Results 
To investigate the involvement 
transfected with GFP-tagged RNa
transfected and identified by the
were irradiated with 2 Gy X-ra
Monitoring γH2AX foci in G1 pha
repair from 1-2 h post IR (Figure
repair defect after RNaseH1 ove
been observed after inhibition of 
formation of RNA-DNA hybrids i
similar to PLK3, might be compe
(Biehs, et al., 2017).      
 
a. 
                                       ESCs-0 Gy   
 
b. 
 
Figure 4.27. DSB repair after RNaseH1 o
RNaseH1 plasmid and incubated for two d
stained with GFP and γH2AX antibodies. T
foci were quantified in G1-phase cells (EdU
of four and three individual experiments in E
Representative confocal microscopy images
analysis of γH2AX foci levels in G1-phase W
 
0
5
10
15
20
0 2 4
γ
H
2
A
X
 f
o
c
i 
p
e
r 
c
e
ll
Time post 2 Gy (h)
ESC-G1 phase
**
 
of RNA in DSB repair in G1 phase, ESC
seH1 plasmid. Two days after transfection, a
ir green nucleus (pan nuclear staining) (Fi
ys and DSB repair was assessed at differe
se ESCs revealed that the overexpression of
 4.27b). In contrast to ESCs, G1 phase HeL
rexpression (Figure 4.27b). These results a
PLK3 in G1-phase cells (Figure 4.21b)(Biehs
s an essential factor for resection (Figure 4.
nsated by a resection-independent c-NHEJ
 
                                      HeLa cells-0 
 
verexpression in G1-phase cells. ESCs and HeLa cells w
ays. After irradiation with 2 Gy X-rays, cells were fixed 
he repair incubation time took place in the presence of Ed
-negative). Foci numbers of unirradiated cells were subtract
SCs and HeLa cells, respectively. P-value: **≤ 0.01, ****≤
 of GFP-tagged RNaseH1 plasmid transfection in ESCs a
T and RNaseH1 overexpressed ESCs and HeLa cells after 
6
WT
WT+RNaseH1
****
0
5
10
15
20
25
30
35
0 2 4
γ
H
2
A
X
 f
o
c
i 
p
e
r 
c
e
ll
Time post 
HeLa-G1 
60   
s and HeLa cells were 
lmost 80 % of cells were 
gure 4.27a). Then, cells 
nt time points post IR. 
 RNaseH1 impaired DSB 
a cells did not show any 
re identical to what has 
, et al., 2017). Since the 
26), the lack of hybrids, 
 in G1 phase HeLa cells 
Gy 
ere transfected with GFP-tagged 
at the indicated time points and 
U and Nocodazole. The γH2AX 
ed. Error bars represent the SEM 
 0.0001 (using student t-test). a. 
nd HeLa cells. b. Quantification 
2 Gy X-rays irradiation. 
6 8
2 Gy (h)
phase
WT 
WT+RNaseH1
 Results  61   
Since the inhibition of PLK3 and overexpression of RNaseH1 hindered DSB repair in G1-phase ESCs 
(Figure 4.26a; Figure 4.27a), next the interaction between resection and RNA-DNA hybrids formation 
in DSB repair was investigated. ESCs were transfected with GFP-tagged RNaseH1 plasmid and 
incubated for two days. Then, PLK3 inhibitor was added to the cells 30 min prior to 2 Gy X-rays 
irradiation. Analyzing γH2AX foci at 6 h post IR revealed that the inhibition of PLK3 and 
overexpression of RNaseH1 induced a repair defect in G1-phase ESCs (Figure 4.28). The level of 
residual DSBs at 6 h post IR was higher in RNaseH1 transfected cells, compared to PLK3 inhibited cells 
(Figure 4.28). The impact of RNaseH1 overexpression was rescued after combination with PLK3 
inhibitor and DSB level dropped to the PLK3 inhibitor alone (Figure 4.28). This indicates that PLK3 is 
an upstream factor for RNA-DNA hybrids activity.   
 
 
Figure 4.28. PLK3 and RNaseH1 interplay in G1-phase ESCs. Two days before irradiation, ESCs were transfected with GFP-tagged 
RNaseH1 plasmid. 30 min prior to 2 Gy X-rays irradiation, cells were treated with PLK3 inhibitor. After irradiation cells were incubated 
under normal cell culture condition in presence of EdU and Nocodazole. 6 h post IR cells were spun down on glass slides, fixed and 
stained with γH2AX and GFP antibodies. To quantify the γH2AX foci only G1-phase cells (EdU-negative) were evaluated. Foci numbers 
of un-irradiated cells were subtracted. Error bars represents SEM of three individual experiments. P-value: **≤ 0.01, ****≤ 0.0001 
(using student t-test). 
 
 
Artemis is an essential factor regulating resection in G1 phase (Biehs, et al., 2017). As it has been 
observed in Figure 4.22a, and also reported by previous studies (Biehs, et al., 2017), depletion of 
Artemis impaired DSB repair in G1-phase HeLa cells. Hence, the interplay between Artemis and 
RnaseH1 was checked. Using GFP-tagged RNaseH1 plasmid, the RNaseH1 enzyme was overexpressed 
in HeLa cells. Artemis was depleted by siRNA one day prior to irradiation. Cells were irradiated with 2 
Gy X-rays and the level of γH2AX foci at 8 h post IR was analyzed in G1-phase HeLa cells. The 
increased number of residual foci demonstrated that the depletion of Artemis induced a repair defect 
in HeLa cells, whereas, overexpression of RNaseH1 had no impact on DSB repair (Figure 4.29). 
Interestingly, depletion of Artemis in RNaseH1 overexpressed cells did not induce a repair defect 
0
2
4
6
8
10
γ
H
2
A
X
 f
o
c
i 
p
e
r 
c
e
ll
6 h post 2 Gy
ESCs-G1 phase
WT
Plasmid Ctrl
PLK3i
RNaseH1
PLK3i+RNaseH1
** 
** 
**** 
 Results  62   
(Figure 4.29). This is evident that Artemis is not involved in the initial steps of resection in G1 phase 
and its failure cannot be compensated by other resection-independent c-NHEJ.   
 
 
Figure 4.29. Artemis and RNaseH1 interplay in G1-phase HeLa cells. Cells were transfected with GFP-tagged RNaseH1 plasmid two 
days before irradiation. One day prior to 2 Gy X-rays irradiation, Artemis siRNA was added to the cells. After irradiation, cells were 
incubated under normal cell culture condition in the presence of EdU and Nocodazole. At 8 h post IR cells were fixed and stained with 
γH2AX and GFP antibodies. Using a semi-automatic microscopy analysis, γH2AX foci were scored in G1-phase cells (EdU-negative). 
Foci numbers of unirradiated cells were subtracted. Error bars represent SEM of three individual experiments. P-value: **≤ 0.01 (using 
student t-test). 
 
 
To better understand the mechanism of pRPA foci formation in G1-phase ESCs, the role of RNA in 
modulating long range resection was investigated. To this end, ESCs were transfected with GFP-tagged 
RNaseH1 plasmid and irradiated with 2 Gy X-rays. Following IR, the formation of pRPA was monitored 
in WT and RNaseH1 transfected G1-phase cells. As seen in Figure 4.18, the WT cells formed visible 
pRPA foci in a time dependent manner. The maximum level of pRPA foci formed at 1 h post IR, then 
the foci level was slowly decreased (Figure 4.30a). In contrast to the WT cells, the RNaseH1 
overexpressed cells did not form pRPA foci at 1 h post IR. However, at time points >1 h after IR, the 
level of pRPA foci formation was slowly enhanced in RNaseH1 transfected cells (Figure 4.30a). These 
pRPA foci were of the same size as in S- and G2-phase ESCs (Figure 4.30b).  
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Figure 4.31. Impact of RNA Pol II inhibition on pRPA foci formation in G1-phase ESCs. Cells where treated with 10 µM DRB 3 h 
prior to 2 Gy X-rays irradiation. At 1 h post IR, cells were fixed and stained with pRPA and γH2AX antibodies. Repair incubation time 
took place in the presence of EdU and Nocodazole. pRPA foci were quantified in G1-phase cells (EdU-negative). Foci numbers of 
unirradiated cells were subtracted. Error bars represent SEM of three independent experiments. P-value: ***≤ 0.001 (using student t-
test). 
 
DDX1 foci 
Similar to RNaseH1, DDX1 protein also unwinds RNA-DNA hybrid structures (Li, et al., 2008). It has 
been shown that, upon irradiation, DDX1 foci rapidly form at DSB sites (almost at 30 % of DSBs) (Li, 
et al., 2008). Thus, as a factor mediating RNA processing in DSB repair, the role of DDX1 was assessed 
in our cell system. Unfortunately, the DDX1 foci could not be detected by the commercial available 
antibodies in ESCs and HeLa cells. An efficient antibody to detect DDX1 foci, was specific for human 
cells. Therefore, the formation of DDX1 foci was analyzed only in HeLa cells. The formation of DDX1 at 
DSB sites was evaluated after irradiation with 2 Gy X-rays. As seen in Figure 4.32a, the majority of 
DDX1 foci detected in G1-phase HeLa cells formed at the DSB sites (Figure 4.32a). Quantification of 
DDX1 and γH2AX foci revealed that, upon irradiation, DDX1 foci formed at 50 % and 30 % of DSB 
sites respectively in G1 and G2 phase (Figure 4.32b). The level of DDX1 and γH2AX foci were identical 
at late time points (Figure 4.32b). Note, foci were quantified in the same cells. 
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a.  b. c. 
Figure 4.33. Resection dependency of DDX1 foci formation in G1-phase HeLa cells. Cells were transfected with CtIP siRNA two 
days before irradiation. After 2 Gy X-rays irradiation cells were incubated in normal cell culture condition. The repair incubation took 
place in the presence of EdU and Nocodazole. At the indicated time points cells were fixed and stained with different antibodies. DDX1 
and γH2AX foci were quantified in G1-phase cells (EdU-negative, CyclinB1-negative) and Rad51 foci analyzed in G2-phase cells (EdU-
negative, CyclinB1-positve). Foci numbers of unirradiated cells were subtracted. Error bars represent SEM of three individual 
experiments. P-value: **≤ 0.01 (using student t-test). a. Quantification of DDX1 foci at 2 h post IR in G1-phase HeLa cells. b. 
Quantification of γH2AX foci at 6 h post IR in G1-phase HeLa cells. c. Quantification of Rad51 foci at 2 h post IR in G2-phase HeLa 
cells. 
 
 
DDX1 siRNA 
In order to check the role of DDX1 in DSB repair, DDX1 protein was downregulated in HeLa cells using 
siRNA (Table 3.2). Following the standard DDX1 siRNA transfection protocol (Li, et al., 2016), cells 
were split 72 h after the first round of siRNA transfection and underwent a second round of siRNA 
transfection. One day after the second siRNA transfection, cells were irradiated with 2 Gy X-rays and 
incubated under normal cell culture conditions in presence of EdU and Nocodazole. Quantification of 
DDX1 foci in G1-phase cells revealed almost 50 % decrease in foci level 15 min post IR in DDX1 siRNA 
transfected cells (Figure 4.34a). Furthermore, fluorescence microscope image analysis showed the 
reduction in DDX1 foci formation after DDX1 siRNA transfection (Figure 4.34b). Monitoring the 
γH2AX foci level after irradiation indicated a significant repair defect at late time points in DDX1 
depleted cells (Figure 4.34c). This indicated the involvement of DDX1 protein in the slow component 
of DSB repair in G1 phase cells. 
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Figure 4.35. Interaction of DDX1 and PLK3 in DSB repair in G1 phase HeLa cells. Cells were transfected with DDX1 siRNA. 
PLK3 inhibitor was added to the cells 30 min prior to 2 Gy X-rays irradiation. The repair incubation took place in presence of EdU and 
Nocodazole. 8 h post IR, cells were fixed and stained with γH2AX and CylinB1 antibodies. γH2AX foci were quantified in G1 phase 
cells (EdU-negative, CyclinB1-negative). Foci numbers of unirradiated cells were subtracted. Error bars represent SEM of three 
individual experiments. P-value: *≤ 0.05, **≤ 0.01 (using student t-test). 
 
 
Both RNaseH1 and DDX1 proteins unwind RNA-DNA hybrid structure by cleaving the RNA moiety (Li, 
et al., 2008; Ohle, et al., 2016). In HeLa cells, overexpression of RNaseH1 had no impact on DSB 
repair (Figure 4.26b), whereas DDX1 siRNA induced repair defect at late time points after irradiation 
(Figure 4.34). To better understand the role of these two proteins in DSB repair, the RNaseH1 was 
overexpressed in DDX1 depleted cells. EdU and Nocodazole were added to the cells 30 min before 
irradiation. At 8 h post 2 Gy X-rays irradiation, the γH2AX foci level was evaluated in G1-phase cells. 
As previously seen, quantification of the γH2AX foci revealed that the DSB repair was impaired only in 
DDX1 depleted cells, and no indication of the impaired DSB repair was observed in RnaseH1 
transfected cells (Figure 4.36). The combination of DDX1 siRNA and RNaseH1 overexpression rescued 
the impact of DDX1 (Figure 4.36).  
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Figure 4.36. DDX1 and RNaseH1 interplay in DSB repair in G1 phase HeLa cells. Cells were transfected with DDX1 siRNA two 
days before irradiation RNaseH1 plasmid transfection was performed one day before irradiation. EdU and Nocodazole were added to the 
cells 30 min prior 2 Gy X-rays irradiation. After IR, cells were incubated in normal cell culture conditions. At 8 h post IR, cells were 
fixed and stained with γH2AX and CylinB1 antibodies. γH2AX foci were quantified in G1-phase cells (EdU-negative, CyclinB1-
negative). Foci numbers of unirradiated cells were subtracted. Error bars represent SEM of three individual experiments. P-value: *≤ 
0.05 (using student t-test). 
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5 Discussion 
 
DNA double-strand breaks (DSBs) can be arised by low and high doses of ionizing radiations (IR) 
(UNSCEAR, 2000). Any failure to repair these genetic lesions may change the cells fate (Harper, et al., 
2007; Jackson, et al., 2009). In somatic cells, the majority of IR-induced DSBs are repaired quickly via 
canonical-non-homologous end-joining (c-NHEJ) with DNA-PKcs being one of the core enzymes. In 
contrast, a sub-fraction of breaks is repaired with slow kinetics in an ATM-dependent manner, which 
represents homologous recombination (HR) in G2 phase and a resection-dependent end-joining 
pathway in G1 phase (Beucher, et al., 2009; Biehs, et al., 2017). The nuclease CtIP mediates resection 
in G1 and G2 phase. In somatic cells, the resection in G1 is not as extensive as it is in S or G2 phase. 
Thus, the formation of resection-dependent foci in G1 phase, like pRPA foci, could only be detected 
after the induction of very complex breaks or clustered damages, which arise after irradiation with 
alpha-particles or heavy ions (Averbeck, et al., 2014; Barton, et al., 2014). In addition, in the absence 
of c-NHEJ core factors, the residual DSBs are repaired by an alternative end-joining pathway (alt-
NHEJ) (Iliakis, 2009; Mansour, et al., 2013). This pathway requires PARP1, Ligase I and Ligase III as 
well as nucleases that conduct limited resection of the break ends (Wang, et al., 2006; Liang, et al., 
2008; Iliakis, 2009; Mansour, et al., 2013). 
Similar to somatic cells, DNA of stem cells can be damaged by exogenous or endogenous sources of  
DNA damaging factors. DSB repair impairment in stem cells can affect intracellular heterogeneity and 
also organ development (Blampain, et al., 2013; Behrens, et al., 2014). The essential concern about 
ESCs and their derivatives, e. g. NSCs, is their ability to restore physiological functionality in response 
to DSBs. As it has been observed in Figure 4.2 and also shown by previous studies, ESCs are more 
resistant to the IR-induced DSBs than somatic cells (Saretzki, et al., 2004; Maynard, et al., 2008). 
Furthermore, it was reported that the mutation frequency in ESCs is about 100-fold lower than in 
somatic cells (Munroe, et al., 2000; Cervantes, et al., 2002). Global gene expression analysis revealed 
that the level of gene transcription and proteins involved in DNA repair is higher in ESCs than in 
differentiated cells (Momcilovic, et al., 2010; Fan, et al., 2011). It was shown that ESCs rely more on 
HR for DSB repair compared to other DSB repair pathways (Adams, et al., 2010; Tichy, et al., 2010; 
Serrano, et al., 2011; Lan, et al., 2012). However, in these studies the cell cycle phase as well as the 
contribution of DSB repair pathways was not considered.  
Extensive studies have indicated that, in contrast to somatic cells, ESCs have a specific cell cycle timing 
with a short G1/G2 and a long S phase (Kapinas, et al., 2013). In agreement with previous studies 
(Hong, et al., 2004; van der Laan, et al., 2013), we observed that the G1/S checkpoint was not 
activated in ESCs and NSCs after exposure to 2 Gy X-rays (Figure 4.3). In the absence of G1/S 
checkpoint in ESCs and NSCs, cells may enter into S phase with unrepaired DSBs. To protect genome 
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integrity in stem cells, DSBs must be repaired through a robust repair mechanism which may differ 
from somatic cells.  
In the current work, the mechanisms by which ESCs and ESC-derived NSCs minimize the IR-induced 
DSBs, particularly in G1-phase, have been studied. This may shed light on how mammals preserve 
their genome during embryonic development. 
 
5.1 DSB repair after low X-rays doses 
DSB repair capacity 
In clinical practice, the diagnostic and therapeutic procedures are usually accompanied by low doses of 
X-rays irradiation (up to 100 mGy). The cell response to the low doses of IR is different from high 
doses (Collis, et al., 2004). It was reported that DSB repair efficiency is reduced after irradiation with 
low doses of X-rays (Rothkamm, et al., 2003). In agreement with previous studies, we observed that 
the DSB level induced by 100 mGy X-rays was significantly reduced within 4 h post IR in G1- and G2-
phase NSCs (Figure 4.6a). The cell response to 100 mGy X-rays in NSCs was similar to what was 
observed after irradiation with 2 Gy (Figure 4.11). Preliminary experiments with ESCs also showed the 
same repair capacity after exposure to 100 mGy (Figure 4.5). This indicated that, similar to higher 
doses of X-rays, 100 mGy induces an efficient DSB repair response in stem cells. In contrast, cells 
exposed to 10 mGy X-rays did not show a proficient DSB repair (Figure 4.6b). In G2 phase, almost 50 
% of IR-induced DSBs were repaired within 1 h post 10 mGy and the residual DSBs remained 
unrepaired until 4 h after irradiation (Figure 4.6b). While, no DSB repair was observed in G1 phase 
and IR-induced DSB level was remained constant up to 4 h post IR (Figure 4.6b). This observation is 
consistent with previous studies indicated that DSB repair efficiency decreases after irradiation with 
doses below 20 mGy (Rothkamm, et al., 2003; Grudzenski, et al., 2010). Depending on the dose of 
irradiation and also the number of accumulated DSBs, the DNA repair machinery becomes active with 
different potency (Rodriguez-Rocha, et al., 2011; Talaeei, et al., 2013). The level of DSBs produced by 
10 mGy is probably insufficient to activate the DSB repair machinery in the cells, especially in G1 
phase.  
ATM and DNA-PKcs signaling are essential for DSB repair (Shirvastav, et al., 2008; Beucher, et al., 
2009), and their kinase activities are required for γH2AX and subsequent 53BP1 foci formation (Stiff, 
et al., 2004). Thus, analyzing 53BP1 foci as a readout, the activation of ATM and DNA-PKcs after 10 
mGy X-rays was assessed in G1-phase NSCs (Figure 4.7). The formation of 53BP1 foci after 10 mGy 
was found to rely on ATM kinase activity, not DNA-PKs (Figure 4.7). This finding is consistent with the 
previous studies indicating that ATM is the main kinase to phosphorylate H2AX (Burma, et al., 2001). 
DNA-PKcs-inhibited NSCs demonstrated similar level of 53BP1 foci as in WT cells (Figure 4.7). This 
suggests that in the absence of DNA-PKcs, ATM phosphorylates H2AX inducing the formation of 53BP1 
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foci. In contrast, after 1 Gy X-rays, the similar levels of 53BP1 foci formed in WT, ATM- and DNA-PKcs-
inhibited cells (Figure 4.7). This indicated that both kinases become activate after irradiation with high 
doses of X-rays. However, in ATM-inhibited cells, the 53BP1 foci formed in smaller size than in WT 
and DNA-PKcs-inhibited conditions. In the absence of ATM, DNA-PKcs phosphorylates H2AX with 
slightly lower efficiency (Stiff, et al., 2004). This may explain the formation of small 53BP1 foci in 
ATM-inhibited cells compare to other conditions. The significant reduction in 53BP1 foci level was 
observed only after inhibition of ATM combined with DNA-PKcs inhibitors. This is in agreement with 
previous studies reported that ATM-deficiency can be compensated by DNA-PKcs activity (Stiff, et al., 
2004). 
 
H2O2 pre-treatment 
When the IR-induced DSB level is insufficient to activate DSB repair machinery, low levels of oxygen 
radicals may induce a response that is required for repair (Grudzenski, et al., 2010). Previously, it was 
shown that H2O2 pre-treatment induces an efficient DSB repair in somatic cells by generating oxygen 
radicals (Grudzenski, et al., 2010). In line with these studies, pre-treatment of NSCs with H2O2 
enhanced the repair capacity in G1-phase NSCs after irradiation with 10 mGy X-rays (Figure 4.9), 
whereas, H2O2 had no impact on ATM and DNA-PKcs kinase activities (Figure 4.10). ATM is initially an 
inactive, noncovalently-associated dimer in mammalian cells (Bakkenist, et al., 2003). In response to 
IR-induced DNA damage, the inactive dimer form of ATM is converted into an active monomer. Unlike 
irradiation, H2O2 generates intra-molecular disulfide bounds between ATM monomers (Gou, et al., 
2010). The H2O2-activated ATM does not phosphorylate H2AX, which in consequence does not form 
foci (Gou, et al., 2010). Thus, ATM activation induced by H2O2 can take place in the apparent absence 
of γH2AX or 53BP1 foci formation (Gou, et al., 2010). Altogether, the increase in DSB repair capacity 
observed in H2O2 treated NSCs after 10 mGy X-rays might be explained by the over activation of ATM 
under oxidative stress. The over activated ATM may compensate for the lack of DNA-PKcs activity and 
enhance repair in G1 phase. Moreover, H2O2 pre-treatment as well as high doses of IR up-regulate a set 
of genes involved in DSB repair, whereas 10 mGy does not (Grudzenski, et al., 2010). This also might 
be the reason for elevated DSB repair capacity in H2O2 treated cells. 
 
5.2 DSB repair after high X-rays doses 
DSB repair in G1 and G2 phase  
Similar to somatic cells (DiBiase, et al., 2000; Riballo, et al., 2004), wild type ESCs and NSCs displayed 
biphasic DSB repair kinetics after 2 Gy X-rays in G1 and G2 phase (Figure 4.11). Moreover, the DSB 
repair capacity was almost similar in both cell types (Figure 4.11). It was previously reported that the 
majority of IR-induced DSBs are repaired via c-NHEJ in G1 and G2 phase. However, a subfraction of 
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breaks localized to heterochromatin is repaired with slow kinetics in an ATM-dependent manner 
(Jackson, et al., 2009; Lukas, et al., 2013). In heterochromatic regions, DSB repair requires ATM to 
facilitate the entry of DNA-repair machinery by phosphorylating the transcriptional co-repressor 
Kruppel-associated box (KRAB)-associated protein-1 (KAP1). This repair pathway represents HR in G2 
and a Resection-dependent-NHEJ pathway (Res-dep-NHEJ) in G1 phase (Beucher, et al., 2009; Biehs, 
et al., 2017). As in somatic cells, inhibition of ATM in ESCs and NSCs revealed that the slow 
component of DSB repair in G1 and G2 phase stem cells is ATM-dependent (Figure 4.12). The 
inhibition of ATM induced 40-50 % unrepaired DSBs in ESCs and NSCs (Figure 4.12), whereas in 
somatic cells, it was reported to induce only 15-20 % (Riballo, et al., 2004; Goodarzi, et al., 2008). 
This indicated that in stem cells almost half of the IR-induced DSBs are repaired via the slow 
component of DSB repair in G1 and G2 phase.  
In agreement with previous studies demonstrated that DNA-PKcs inhibition stalled DSB repair in 
somatic cells (Beucher, et al., 2009; Biehs, et al., 2017), inhibition of DNA-PKcs induced a sever repair 
defect in G1- and G2-phase NSCs after exposure to 2 Gy X-rays (Figure 4.12). Interestingly, in ESCs, 
DNA-PKcs inhibition induced a transient repair defect (up to 2 h post IR), which was followed by an 
efficient repair (Figure 4.12). This observation indicated that ESCs are able to minimize the number of 
IR-induced DSBs in the absence of DNA-PKcs. This result is in line with previous studies reporting that 
DNA-PKcs inhibition has a small impact on c-NHEJ in ESCs compared to NSCs and differentiated cells 
(Adams, et al., 2010). 
Several studies have indicated that ESCs preferentially employ HR over c-NHEJ (Adams, et al., 2010; 
Tichy, et al., 2010; Serrano, et al., 2011; Lan, et al., 2012). A central player in HR is Rad51 protein 
which is involved in the strand-pairing stages and also DNA homology search (Valerie, et al., 2003). 
Inhibition of Rad51 induced a significant repair defect in G2-phase NSCs after irradiation with 2 Gy X-
rays, as it was expected (Figure 4.13). This effect was identical to the impact of ATM inhibition on DSB 
repair in G2 phase (Figure 4.13). This indicated that both ATM and Rad51 are involved in HR. 
Surprisingly, despite to the fact that HR is the predominant repair pathway in G2-phase ESCs, 
inhibition of Rad51 did not show any impact on DSB repair in G2-phase ESCs (Figure 4.13). Since HR 
is not available in G1 phase (Orthwein, et al., 2015), inhibition of Rad51 did not have any effect on 
DSB repair in G1-phase ESCs and NSCs. However, the repair defect induced by ATM inhibitor 
confirmed the role of ATM in the slow component of DSB repair in G1-phase ESCs and NSCs (Figure 
4.13).  
Upon DSB induction, Rad51 protein re-localizes to distinct foci around the DSB sites (Sung, et al., 
2003; Sinha, et al., 2008). Analysis of Rad51 foci formation after 2 Gy X-rays in G2 phase revealed 
that, in an ATM dependent manner, Rad51 foci were formed faster and in a higher level in ESCs than 
in NSCs and MEFs (Figure 4.14). This observation is in line with previous studies demonstrated that 
Rad51 protein level in ESCs is higher than in more differentiated cells, e.g. MEFs (Tichy, et al., 2010; 
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Serrano, et al., 2011). In contrast to G2 phase, Rad51 foci were not detected in G1-phase cells (data 
not shown). This determined the lack of HR in G1-phase stem cells. The higher level of Rad51 foci in 
ESCs compared to NSCs and MEFs indicated that the usage of HR is reduced through cell 
differentiation, as shown in previous studies (Adams, et al., 2010; Tichy, et al., 2010).      
Then we asked whether the efficient DSB repair observed in DNA-PKcs- and Rad51-deficient ESCs was 
provided by an alternative repair pathway. 
 
alt-NHEJ DSB repair pathway 
Previously, it has been described that an alt-NHEJ repair pathway operates in the absence of Ku 
protein (a c-NHEJ core factors) in somatic cells (Mansour, et al., 2013). Several proteins are involved 
in this DSB repair pathway including PARP1, Ligase I, Ligase III and Polγθ (Audebert, et al., 2004; 
Liang, et al., 2008; Mansour, et al., 2010; Mateos-Gomez, et al., 2015). Inhibition of PARP1 in DNA-
PKcs-deficient ESCs revealed that a substantial fraction of the DSB repair in DNA-PKcs-inhibited cells 
(Figure 4.12), was performed by a PARP1-dependent repair pathway in G1 and G2 phase (Figure 
4.15). Inhibition of PARP1 in DNA-PKcs-deficient NSCs displayed a slight additional repair defect 
which indicated that the residual repair in these cells might be partially conducted by a PARP1-
dependent pathway. Whereas, in DNA-PKcs-deficient MEFs, no additional repair defect was observed 
after inhibition of PARP1 (Figure 4.15). Moreover, inhibition of PARP1 did not have any effect on the 
repair capacity in WT and ATM-inhibited cells (Figure 4.15). This observation was consistent with 
previous studies in which it was defined that PARP1-inhibition has no effect on WT cells (Yang, et al., 
2004; Mansour, et al., 2010). PARP1 is also known as a chromatin remodeler (Luijsterburg, et al., 
2016), required for employing and the efficient functioning of c-NHEJ and HR repair pathways 
(Spagnolo, et al., 2012; Zhang, et al., 2015). These functions of PARP1 may facilitate an efficient DSB 
repair via alt-NHEJ to compensate for the lack of c-NHEJ in ESCs. The decrease in DSB repair capacity 
in the absence of DNA-PKcs from ESCs to NSCs and MEFs might be caused by an inability to use a 
PARP1-dependent alt-NHEJ. 
The simultaneously inhibition of PARP1 and Rad51 resulted in a substantial repair defect in G2-phase 
ESCs (Figure 4.16). Whereas, in Rad51-deficient NSCs, no additional repair defect was observed after 
inhibition of PARP1 (Figure 4.16). This result indicated that ESCs are more flexible in their repair 
pathway choice and they can compensate for a HR-deficiency using a PARP1-dependent repair 
pathway. In contrast, NSCs cannot switch to an alt-NHEJ pathway when breaks have been committed 
to repair via HR.  
PARP1-dependent alt-NHEJ is a resection dependent pathway (Ceccaldi, et al., 2015). The formation 
of Rad51 foci after irradiation in stem cells and differentiated cells displayed an active resection 
process in G2 phase cells (Figure 4.14). The higher level of Rad51 foci in ESCs than in NSCs and MEFs 
indicated that more DSBs undergo resection in ESCs than in others cell types. In G1 phase, the 
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formation of pRPA foci (a resection marker) was observed only after inducing complex DSBs using α-
particles or very high doses of X-rays (Barton, et al., 2014; Biehs, et al., 2017). In line with these 
studies, using laser micro-irradiation, the accumulation of pRPA foci at the DNA break sites has been 
observed in G1-phase HeLa cells (Figure 4.17). In stem cells, analyzing pRPA foci after 2 Gy X-rays 
uncovered that ESCs, but not NSCs, form pRPA foci in G1 phase (Figure 4.19a). Similar to what was 
observed for Rad51 foci in G2-phase ESCs (Figure 4.14), the highest level of pRPA foci in G1 phase 
was observed at 1 h post IR (Figure 4.19a). This observation suggests that the maximum level of 
resection in G1- and G2-phase ESCs takes place within 1 h after 2 Gy X-rays irradiation. Then, these 
DSBs are committed to repair via resection dependent pathways. It is worth to note that pRPA foci 
analysis in another murine ESC line (ESCs iB10) confirmed the formation of pRPA foci in G1-phase 
ESCs (Figure 4.20). 
Inhibition of resection, using PLK3-inhibitor, abolished the formation of pRPA foci in G1-phase ESCs 
(Figure 4.21a). In addition, the formation of pRPA tracks generated by laser micro-irradiation in HeLa 
cells was diminished after CtIP down regulation (Figure 4.18). These results are consistent with 
previous studies reporting that the formation of pRPA foci was abolished after inhibition of resection in 
G1 phase (Barton, et al., 2014; Biehs, et al., 2017). Furthermore, inhibition of resection hindered DSB 
repair in G1-phase ESCs (Figure 4.21b), where as in HeLa cells, no repair defect was observed (Figure 
4.33b). As it was suggested by Biehs et al., HeLa cells by utilizing a resection-independent c-NHEJ 
compensate for the lack of resection in G1 phase (Biehs, et al., 2017), whereas in ESCs, resection is 
apparently crucial for DSB repair and its failure cannot be compensated by other repair pathways. 
These findings were interpreted in a way that the PLK3-dependent repair pathway plays a more 
prominent role in the DSB repair of G1-phase ESCs than it does in differentiated cells. Furthermore, 
the similar repair impairment induced by PLK3- and ATM-inhibitors (Figure 4.21b; Figure 4.12), 
validated that the slow component of DSB repair in G1-phase ESCs is a resection-dependent pathway. 
Ceccaldi et al. showed that when resection has been occurred, HR and alt-NHEJ may compete with 
each other to repair DSBs in G2 phase. Once HR is impeded, PARP1 may serve as a platform for 
employing alt-NHEJ factors (Ceccaldi, et al., 2016). In G1- and G2-phase ESCs, since the majority of 
DSBs undergo resection, in the absence of classical DSB repair pathways, PARP1-dependent alt-NHEJ 
takes the advantage of resected DNA-ends and promotes an efficient repair (Figure 5.1). 
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Figure 5.1. Model for the mechanism of PARP1-dependent alt-NHEJ in G1- and G2-phase ESCs. In the absence of classical DSB 
repair pathways, following resection, the pRPA-coated ssDNA is used as a platform for recruiting PARP1-dependent alt-NHEJ factors. 
The DNA-ends are re-joined via PARP1-dependent alt-NHEJ. 
 
 
Role of Artemis in resection dependent DSB repair in G1 phase 
Rieballo et al. demonstrated that Artemis is a downstream component of the ATM signaling pathway 
which is involved in the slow component of DSB repair (Riballo, et al., 2004). In addition, Artemis and 
CtIP function in the same repair pathway in G1 phase of somatic cells (Biehs, et al., 2017). Consistent 
with the model proposed by Löbrich and Jeggo (Figure 5.2), following resection in G1 phase, the 
single strand overhangs fold back into the DNA-PKcs to form an intermediate hairpin structure. To 
complete the repair process, Artemis is required to open up the loop (Biehs, et al., 2017). Depletion of 
Artemis in ESCs did not have any impact on repair kinetics in G1 phase (Figure 4.22b), whereas, 
consistent with previous studies (Biehs, et al., 2017), Artemis siRNA let to a higher residual γH2AX foci 
level at 8 h post 2 Gy X-rays in G1-phase HeLa cells (Figure 4.22a). The repair impairment induced by 
Artemis depletion in G1-phase HeLa cells was rescued by CtIP down-regulation (Biehs, et al., 2017). 
This indicated that in somatic cells, the main distinction between resection initiation factors, e.g. CtIP, 
and Artemis is that DSBs are repaired without resection initiation factors but remain unrepaired 
without Artemis. The lack of CtIP may prevent the initiation of resection but allows resection-
independent c-NHEJ to repair DSBs. In contrast, loss of Artemis prevents downstream c-NHEJ usage.  
In addition, the nuclease activity of Artemis is required for pRPA foci formation in G1-phase somatic 
cells (Biehs, et al., 2017). Consistent with this study, Artemis siRNA diminished the formation of pRPA 
foci in G1-phase ESCs (Figure 4.22c). This indicated that Artemis is involved in the resection process in 
G1-phase ESCs.  
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Taken together, Artemis regulates pRPA foci formation in G1-phase ESCs and HeLa cells. Nevertheless, 
the mechanistic role of this protein in DSB repair in G1-phase ESCs is unclear. 
 
 
Figure 5.2. Model for the role of Artemis in resection-dependent c-NHEJ in G1-phase somatic cells. The inward translocation of Ku 
from DNA-ends facilitates resection at damage sites. Then, the single strand overhang might be captured by a channel in DNA-PKcs, to 
generate a hairpin structure, which requires resolution by Artemis to complete the process. The loading of pRPA on ss-DNA and 
downstream repair require Artemis and might be prevented by the hairpin intermediate (Modified from Löbrich and Jeggo 2017). 
 
 
5.3 Involvement of RNA in resection dependent DSB repair 
The presence of RNA at sites of DSB has been detected by several studies (Francia, et al., 2012;  Wei, 
et al., 2012; Lee, et al., 2012). Using S9.6, a specific antibody to detect RNA-DNA hybrids 
(Boguslawski, et al., 1986; Ginno, et al., 2012), the formation of RNA-DNA hybrids at the break sites 
was confirmed in ESCs and HeLa cells (Figure 4.23a). This observation was evaluated by measuring 
the signal intensity of the γH2AX and S9.6 foci (Figure 4.23a). Quantification of the γH2AX foci 
overlaid with S9.6 at 15 min post 2 Gy X-rays, revealed that only 14 % of all IR-induced DSBs in G1-
phase ESCs and HeLa cells contained RNA (Figure 4.23b). This indicates that the RNA-DNA hybrids do 
not form at all break sites and a big fraction of DSBs is repaired in an RNA-independent manner, 
especially in the first 2 h post IR. The increase in co-localization level of γH2AX and S9.6 foci from 15 
min to 2 h post IR in both cell types suggests that the formation of RNA-DNA hybrids at the DSB sites 
is a slow process and probably needs some pre-processing. In addition, the higher level of γH2AX and 
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S9.6 foci overlapping at 2 h post IR in ESCs than in HeLa cells points towards a crucial role of RNA in 
DSB repair of ESCs with respect to differentiated cells (Figure 4.23b). 
The formation of RNA-DNA hybrids may also take place in a DNA-damage independent manner during 
natural processes in the cells, e.g. transcription and R-Loop formation (Bhatia, et al., 2014; Nguyen, et 
al., 2017). This may explain the formation of abundant S9.6 foci out of the γH2AX focus in the cells 
(Figure 4.23a). In addition, the formation of S9.6 tracks overlapping with γH2AX tracks generated by 
laser micro-irradiation verified the accumulation of S9.6 at DSB sites, as well as the specificity of the 
antibody (Figure 4.24).  
The involvement of RNA-DNA hybrids in DSB repair process has been defined differently in various 
organisms. Several studies proposed that the small non-coding RNAs play role in DSB repair by 
directing chromatin modification and also recruiting repair proteins to the DSB sites (Lee, et al., 2009; 
Wei, et al., 2012; Francia, et al., 2012; Chowdhury, et al., 2013; Ohsawa, et al., 2013). In addition, the 
role of transcript RNAs as template to restore damaged sequences in yeast was shown in previous 
studies (Shen, et al., 2011; Keskin, et al., 2014). In mammalian cells, the RNA-templated DSB repair 
was described recently (Chakraborty, et al., 2016). These studies suggested that nascent transcripts 
provide the missing genetic information for restoring the original sequence at the DSB sites. The 
presence of RNA at DSB site, which we observed by co-localization of S9.6 with γH2AX (Figure 4.23a; 
Figure 4.24), indicates an active transcription at the break sites. The transcripts might be transcribed 
before DNA damage induction and hybridized with ssDNA to form RNA-DNA hybrids in the course of 
DSB repair. Alternatively, transcription might be stimulated by DSB induction using ssDNA as 
templates to form fresh RNA at the damage sites. Ohle et al. demonstrated that the transcription was 
initiated after DSB induction and nascent transcripts were produced by RNA Pol II (Pol II) using 3' 
ssDNA overhangs as templates (Ohle, et al., 2016). This process requires the initial step of DNA-end 
resection, which generates short ssDNA segments (Ohle, et al., 2016). Consistent with this study, 
inhibition of resection, using PLK3 inhibitor, abolished the accumulation of S9.6 foci at γH2AX laser 
tracks in G1-phase HeLa cells (Figure 4.25a). Furthermore, inhibition of PLK3 reduced the number of 
S9.6 foci overlapping with γH2AX foci after 2 Gy X-rays in G1-phase ESCs and HeLa cells (Figure 
4.25b). This effect was more apparent at 2 h post IR than 15 min. The rapid formation of S9.6 foci at 
the DSB sites can be partially explained by the fact that the phosphorylation of CtIP initiates upon IR 
and continuously enhances until 2 h post IR (Barton, et al., 2014). The small proportion of 
phosphorylated CtIP and consequently the short range of resection at 15 min post IR might be 
sufficient for the formation of RNA-DNA hybrids. These observations indicated that the formation of 
RNA-DNA hybrids at DSB sites is a resection dependent process.  
RNaseH1 is a ribonuclease which degrades RNA-DNA hybrids by cleaving the RNA moiety (Cerritelli, 
et al., 2009; Aguilera, et al., 2012). Previously it has been reported that the overexpression of 
RNaseH1 enzyme degrades RNA-DNA hybrids and reduces S9.6 signal (Paulsen, et al., 2009; Stirling, 
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et al., 2012; Chakraborty, et al., 2016; Ohle, et al., 2016). In agreement with these studies, after laser 
micro-irradiation, HeLa cells transfected with a plasmid containing RNaseH1 did not form S9.6 tracks 
at the damage sites (Figure 4.26). In addition, the DNA-damage-independent S9.6 foci were also 
eliminated in these cells. This data confirmed that the formation of S9.6 foci is a dynamic biological 
process in the cells and the antibody specifically recognizes the DNA-bound RNAs.  
There are lines of evidence to support the role of RNaseH1 as an essential factor for efficient DSB 
repair. In yeast, deletion of the RNaseH1 gene caused hypersensitivity to DNA damage (Lazzaro, et al., 
2012). In addition, Ohle et al. observed a strong delay in DSB repair in yeast when overexpressing 
RNaseH1 (Ohle, et al., 2016). In line with these studies, overexpression of RNaseH1 impaired DSB 
repair from 2 h post IR in G1-phase ESCs, whereas, in HeLa cells repair kinetics were not affected 
(Figure 4.27b). An explanation of this observation could be that the formation of RNA-DNA hybrids 
was not required for DSB repair in G1-phase HeLa cells. Alternatively, it is possible that the lack of 
RNA-DNA hybrids was compensated by a resection-independent c-NHEJ; similar to what was observed 
after inhibition of resection in G1-phase HeLa cells (Biehs, et al., 2017). Furthermore, the repair defect 
induced by Artemis siRNA in WT HeLa cells was not observed in RNaseH1 overexpressed cells (Figure 
4.29). These results suggest that RNA-DNA hybrids are involved in the pre-resection process in G1-
phase cells.   
In ESCs, inhibition of PLK3 after overexpression of RNaseH1 rescued the repair defect induced by 
destabilization of RNA-DNA hybrids in G1 phase (Figure 4.28). This result is consistent with the 
previous model which proposed that RNA-DNA hybrids are required for the initiation of long-range 
resection (Ohle, et al., 2016). In this model, Pol II takes the advantage of the initial step of resection 
and binds to the short ssDNA segment generated by a CtIP/PLK3-dependent process. In a second step, 
Pol II initiates transcription around the DSB sites. During transcription elongation, Pol II machinery 
employs the chromatin remodelers to open up the chromatin ahead of the transcription bubble (Figure 
2.5). The length of resection depends on the length of the Pol II translocation (Ohle, et al., 2016). The 
inhibition of Pol II significantly diminished the formation of pRPA foci in G1-phase ESCs (Figure 4.31). 
This finding proves the involvement of Pol II in the extent of resection and formation of pRPA in G1-
phase ESCs. During resection, due to the lack of a non-homologous DNA strand, the nascent RNA 
would be more prone to re-hybridize with the single strand-template DNA, directly competing with the 
recruitment of the RPA (Ohle, et al., 2016). The formation of RNA-DNA hybrids leads to stalling of Pol 
II and termination of transcription (Skourti-Stathaki, et al., 2014; Zhao, et al., 2016). Furthermore, the 
DNA-bound RPA molecules stimulate the activity of the RNaseH1 enzyme resulting in the degradation 
of RNA (Petzold, et al., 2015). The overexpression of RNaseH1 changed the pattern of pRPA foci 
formation in G1-phase ESCs. At 1 h post 2 Gy X-rays, the formation of pRPA foci was diminished in 
RNaseH1 transfected cells (Figure 4.30a). Consistent with the previous studies showing that RPA foci 
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is increased after RNaseH1 overexpression (Ohle, et al., 2016), the level of pRPA foci has been 
increased up to 4 h post IR in G1-phase ESCs (Figure 4.30a). Upon RNaseH1 overexpression, Pol II 
transcription machinery probably moves slowly through ssDNA. In this scenario the nascent transcripts 
cannot bound to the template strand and form RNA-DNA hybrids. During this slow but continuously 
translocation of Pol II, the ssDNA-end will be covered by pRPA.  
Despite the fact that the RNA-DNA hybrids regulate long-range resection in the cells (Ohle, et al., 
2016), the formation of pRPA foci after 2 Gy X-rays was only observed in G1-phase ESCs (Figure 
4.19). Presumably, the translocation of Ku protein after damage induction controls the length of DNA-
end resection. On the molecular level, upon DNA break, the Ku70/80 heterodimer binds to the DNA-
ends. Then, the DNA-bound Ku recruits the protein kinase DNA-PKcs to the DSB sites to form the DNA-
PK holoenzyme (Yoo, et al., 1999; Ma, et al., 2001). DNA-PK (Ku together with DNA-PKcs) is a barrier 
at the DNA-ends that prevents repair (Mahaney, et al., 2013). Phosphorylation of DNA-PKcs at T2609 
cluster leads to a conformational shift that induces DNA-PK dissociation from DNA-ends. This increases 
the access of other repair proteins to the DSB sites (Merkle, et al., 2002; Ding, et al., 2003). Biehs et al. 
showed that Ku remains bound to DSBs during resection in G1 phase. In addition, the inward 
translocation of Ku along DNA is essential for resection and pRPA foci formation in G1 phase (Biehs, et 
al., 2017). 
We proposed a model that attempts to reconcile our observations in the light of published data about 
the role of RNA in resection (Figure 5.3). Based on our model, the initial steps of resection in G1 phase 
are similar in ESCs and HeLa cells. Upon translocation of Ku and initiation of resection, Pol II binds to 
the small ssDNA-ends and start transcription at the DSB sites. In ESCs, the transcription machinery 
uses the advantage of Ku long relocation and promotes an excessive resection. Next, the nascent 
transcripts hybridize to the single strand template-DNA in competing with RPA and forming RNA-DNA 
hybrids. After degradation of RNA by RNaseH1, the extra-long ssDNA fragments will be fully covered 
by pRPA. These pRPA prevent the formation of hairpin at the DNA-ends (Chen, et al., 2013). In HeLa 
cells, the elongation of transcription and eventually the extension of resection is limited by Ku. After 
removal of RNA by RNaseH1 enzyme, since the resected DNA-ends are not long enough to be covered 
by pRPA and form a focus, the short single strand overhang folds into the DNA-PK and forms a hairpin 
structure. Next, to complete repair, Artemis chops off the loop. Cutting off the hairpin structure by 
Artemis may cause the unwanted removal of some nucleotides. In ESCs, since the long ssDNA-ends are 
covered by nascent RNA and pRPA, the formation of a hairpin is not possible, or inessential, for these 
cells. Consistent with this model, depletion of Artemis did not impair repair kinetics in G1-phase ESCs, 
whereas in HeLa cells did (Figure 4.22a; Figure 4.22b). This data indicates that Artemis activity is 
unnecessary for DSB repair in G1-phase ESCs. 
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Figure 5.3. Model for the mechanism of resection in G1-phase ESCs vs. HeLa cells. In the slow component of DSB repair in G1 
phase, both cell types generate small segments of ssDNA via a CtIP/PLK3-dependent resection process. Upon short resection, RNA Pol 
II binds to the single strand overhang and initiates transcription. The decondensation of the chromatin during transcription elongation 
promotes an extended DNA resection process. Presumably, in HeLa cells, the short translocation of the Ku protein prohibits the 
extension of transcription and consequently prevents long resection. After degradation of the RNA molecule, ssDNA folds into DNA-PK 
and forms a loop. Next, the loop will be opened by the Artemis endonuclease activity. The short length of ssDNA-ends in HeLa cells are 
not sufficient to be covered by pRPA. In contrast, in ESCs, the long movement of Ku along DNA facilitates transcription elongation and 
resection prolongation. During resection, the single strand overhang binds to the transcribed RNA and RPA. DNA-bound RPA activates 
RNaseH1 which cleaves RNA from RNA-DNA hybrids. After degradation of RNA, to protect the nucleotides and perhaps to promote 
further repair, the long ssDNA will be covered by pRPA. 
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The short length of G1 phase and the lack of G1/S checkpoint in ESCs, increases the risk of mutation 
in these cells. Using a fast and robust DNA repair machinery, ESCs minimize the level of mutations and 
maintain genomic integrity (Maynard, et al., 2008; Tichy, et al., 2010). Prolongation of resection by 
employing the transcription machinery in G1 phase, instead of forming a hairpin, is presumably part of 
a highly efficient and reliable DSB repair machinery in ESCs. In G1-phase HeLa cells, the processing of 
ssDNA-ends facilitates the ligation of these ends. This repair pathway is potentially error-prone and 
may induce chromosomal translocations (Biehs, et al., 2017).  
Since the mechanism of how ESCs repair long ssDNA-ends in G1 phase is unclear, we proposed three 
possible ways through by repair can be proceeded (Figure 5.4). In G2 phase, the microhomology-
mediated repair pathway (MMR), is known as a backup repair pathway for HR (Chiruvella, et al., 
2013). MMR shares the initial steps of DNA-end resection with HR (Truong, et al., 2013). The long 
stretched of ss-DNA-ends covered by pRPA in G1-phase ESCs, raised the possibility that MMR mediates 
DSB repair in these cells (Figure 5.4a). In this repair pathway, the exposed complementary 
sequences on both sides of the DSBs closely move and perform annealing to form an intermediate with 
3´-flaps and gaps. Then, the gaps are filled in by a DNA polymerase which stabilizes the annealed 
intermediate (Wang, et al., 2017). Since MMR is an error prone repair pathway and contributes to 
genomic instabilities (Rai, et al., 2010; Simsek, et al., 2010), the usage of this repair pathway by ESCs 
is highly unlikely. As a second possible way for repair, we proposed that the missing sequence at 
resected DNA-ends might be restored by DNA-polymerase activity (Figure 5.4b). In this model, 
following resection, a DNA polymerase binds to the 5'-DNA-ends and initiates 5'—>3' DNA synthesis at 
the DSB sites (similar to the Okazaki fragments). As there is no template sequence available to recover 
the nucleotides missing between the break ends, after restoration of the resected sequences, the DNA-
end ligation will take place resulting in some nucleotides deletion. Therefore, as this pathway might 
potentially lead to the loss of genomic information, it might not be the ideal repair pathway for 
accurate repair in ESCs. For a faithful  DSB repair in G1-phase ESCs, we proposed a novel model in 
which RNA may play a prominent role (Figure 5.4c). In this model, the RNA transcribed immediately 
before DSB induction (at the same or second allele), provides a template to restore the missing 
information at the resected DNA and also between the DNA-ends via a reverse transcription process. In 
this pathway, the reverse transcriptase (RT) enzyme promotes the synthesis of a new DNA-strand from 
the template-RNA. Since the transcript contains the backup information identical to the damaged DNA, 
the restoration of the original sequence will take place at a high fidelity level. The RNA-templated DSB 
repair in yeast and mammalian cells was recently shown by other group (Mazina et al., 2017). In 
addition, previous studies reported that RT is physiologically activated in the early stages of 
embryogenesis, whereas, in differentiated cells RT activity is repressed (Pittoggi, et al., 2003; Garcia-
Perz, et al., 2007; Sciamanna, et al., 2016). 
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Figure 5.4. Model for DSB repair following resection in G1-phase ESCs. Following an extensive resection in G1-phase ESCs, DSBs 
might be repaired via three plausible repair mechanisms: a. The DSB repair is boosted by microhomologous sequences. In this model, 
after annealing of complementary nucleotides located at each DNA-end, the remaining gap will be filled in by a DNA-polymerase. The 
annealing of homologous sequences might cause genetic rearrangement. b. The single strand overhangs may be used as a template by 
DNA polymerases to restore the resected sequences. As there is no template available to restore the damaged nucleotides between the 
DNA-ends, the ligation will take place with some base deletion. c. The RNA, which is transcribed before damage induction, will be used 
as a template to restore the missing sequence by reverse transcriptase. Since the transcript contains the entire genetic information at the 
DSB site, it can bridge the gap between the DNA-ends and restore the missing sequence. In this model, since the whole nucleotide 
sequence will be recovered by reverse transcription, the repair is error free. 
 
 
To gain further insight into the role of RNA in regulating resection in G1 phase, we focused on DDX1, 
a protein that identified as a factor required for unwinding the RNA-DNA hybrids (Li, et al., 2008). 
DDX1 is recruited to the DSBs containing RNA-DNA hybrids (Li, et al., 2008). Analyzing DDX1 foci 
after 2 Gy X-rays in G1- and G2-phase HeLa cells revealed that rapidly after irradiation, DDX1 foci 
formed at a subset of DSBs (Figure 4.32b). This observation is in line with previous studies indicating 
that DDX1 accumulates at 30 % of DSB sites and forms IR-induced foci (Li, et al., 2008). The 
correlation between DDX1 and γH2AX kinetics at late time points after IR revealed that DDX1 is 
involved in the slow component of DSB repair (Figure 4.32b). This is in accordance with the previous 
report suggesting that DDX1 is involved in HR (Li, et al., 2016). It has been observed that the 
depletion of DDX1 impaired DSB repair at 8 h post IR in G1 phase (Figure 4.34c). These data implied 
that DDX1 has a role in the slow component of DSB repair not only in G2 phase but also in G1. Since 
the DDX1 protein is involved in different biological processes in the cell, e.g. RNA metabolism (Chou, 
et al., 2013), the DSB repair impairment observed in DDX1 depleted cells might not be induced 
directly by irradiation. 
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Then, we asked whether the formation of DDX1 foci at DSB sites resides downstream of DNA-end 
resection. To answer this question, resection was deactivated in HeLa cells using CtIP siRNA. 
Reduction in the level of DDX1 foci after depletion of CtIP (Figure 4.33a), revealed that the formation 
of DDX1 foci in G1 phase relies on resection. Furthermore, after combination of PLK3 inhibitor and 
DDX1 siRNA, it was observed that the repair defect induced by DDX1 siRNA in G1-phase HeLa cells 
was rescued by inhibition of PLK3 (Figure 4.35). In addition, the repair impairment induced by DDX1 
siRNA was abolished in RNaseH1 overexpressed G1-phase cells (Figure 4.36). These results revealed 
that DDX1 is not involved in the initial steps of resection and in the absence of resection initiation 
factors or RNA-DNA hybrids, the DDX1 function is not required for DSB repair in G1-phase.  
 
The work performed during this thesis has been devoted to the characterization of DSB repair in ESCs 
and NSCs. Our results revealed a higher DSB repair capacity in ESCs than in NSCs and differentiated 
cells. By employing the transcription machinery, ESCs are able to perform long-range DNA-end 
resection and, thereby, they are prone to use resection-dependent repair pathways. These novel 
findings not only extend our understanding of DNA repair mechanism in stem cells but also have 
broader implications of the genetic conservation during embryonic development in mammals.   
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